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( ‘ . ist  l e s  i gns  in - ~ ‘ d e ’n i o n st r .t t  ed f a v o r a b l  i c I  I ccts I conip i l i m i t  des i gn
c - p t  - ‘ . Th e S IRa r a  7 ‘ .w~ ’~ > t  — t i p b lade r edu  t -c l c o n t r o l  I >;td s an d blade ’

51 n e s s  by :il t cc I n i  h I ia . ’ t ur s  l a na i  responsen (Re-f e-rt’nce 5) . l’est  s of
ri ’uh u ce ’d—s 1 1 t I n e s s  b I util e’s vi t h sw e p t  t ips  and n e ’g a t  i vt  .- :t m h c ’  r r e p o rt  i’d in
R e f . ’ c t - I :  / t I> lemon :: i t  i t  i’d s 1 gt i  i t  [cant  redui’ t ion in h i  n de  St ru s s .  in 5cn c ’r . i  1
H ‘sa t- c r , th er e ’ e S i St  s l i l t  c d e t a  t i e d  in f o r m a t  ion w h i c h  qu o n t  i f  it ’s p o t e n t  l a l
caii~~> 1 l oot  l a b  or  b e n c h  i t s  and iden t  i f  i t ’s  des ign  c r i b  cr i n .  ‘l’he oh j cut  [etc’s
i i  t h c~ pr . -s e  i t t  ,,t t.tde ’ a re as f i l l  ows

l e t  iU e  jde ’utI comI)ii iii t , rotor twisting and quantif y the c t  f e ct s
on I c - r h  ‘r i / I n n - c ’ and r o t  >r  sys tem loads .

2 .  ‘ r e  I a , ’ p r t ’l t r I n i t y  com p l i an t  ro to r  desi gn g u i d e ’ l in c ’s by ident i -
f y  i n g  th e  e f  I e c t s  of b l a d e  d e s i g n  p a r a m e b c - r s  f or  i m p r o v i n g  r a t t > r
e ’dtJ . ib l l  ~. t v  he  i n d u c i n g  f a v o r a b l e  t w i s t i ng .

‘i’he I ;: I I - w i n g  i l l  p r  ‘t ic h  was adop ted

1 . l ” ’ f  i n c  t i l e  hove r performance and levi-i flight operat ing limits
i i i  a h.isc’i Inc  ( t i o n c a m p l i a n t )  ro tor  des igned fo r  a t r a n s p o r t
m i s s  ion .

Id ent i fe improvements in fli gh t capabilit y a c / l i  i e vah l e  t l i n t t i 1 ’ h
1, 1. il Izeil elastic twisting.

I
3. h : . , , t u m  h i t ’  . s N-i t ing t e s t  data to idet>tifv blade paramet ers and

compli ant nnic -clianism s which t end  to  p r o d u c e  d e s i r e d  t w i s t i n g .

‘S . Detirmine and ev .iluate the type of twis t  produced b y a v a r i e ty
of hI, mdc desi gn paramete rs.

3. Evolve two compliant rotor designs providing expanded flight
capabi l I t o  relative to the baseline rotor.

Pri .hlwit z , R. , STRUCTURA L EVALUATION OF HIGH P ERF ORMANCE ROTOR B l A D E
;wi- . ’~~~’r ips , ‘;t>g ine’ering Report SER—651073 , Sikorsky Aircraft Division ,
i i  it e d Ten-linolog ies Corp. , O c t o b e r  1972

6. Doman , G. S. , i t  al., INVE ST IGATION OF AEROELAS’I’ I CA LI ,Y A D A I ’ f  I V i~ ROTOR
SiSI’ l-;NS , Ame ’ r icon lid [cop te r  S o c i e t y ,  Sympos ium on Ro to r  ‘l’ c’chi t>o tttg v ,
A t i g i i u t b 197 6
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D E F i N iT iON OF R E F E R E N C E  ROTOR ATTRiBUTES

To provide a r e f e r ence  f o r  the compl ian t  ro tor  designs to be evolved
Later in the  s t u d y ,  the design and level—flight operating capabilities 01-
11 conven t ional  ( noncompl iant )  ro tor  were es tab l i shed . This design s~~rvc ’d
as a baseli, .e fo r  the  pa ramet r i c  evaluat ion  of compl ian t  r o to r  pa rame te r s
to  be discussed below . Al thoug h the  compliant  ro tor  concept has app l i ca—
b i l i t v  to a range of he l icopter  miss ions , the  focus  of the present  s tud y
WOS a transport mission . Baseline rotor design parameters are as hollows :

number  of b lades  4

rotor  type  a r t i c u l a t e d

radius 26 .5  f t

solidity .083

tip speed 730 f t/ s e c

offset ratio .047

airfoil SC 1095

twis t  —12 deg ( n o n l i n e a r )

planform rectangular

Locke number 10

first flatwise frequency 2.8/rev

first edgewise frequency 4.8/rev

first torsional frequency 5.2/rev

To establish the approximate operating limits of the reference rotor ,
the NA SA rotary—wing performance charts presented in Reference 7 were used
in conjunction with the Sikorsky Generalized Rotor Performance program
(CRP). The CR1’ analysis and the other analyses used in the  study tire’
described in the Appendix. Referetice 7 shows that the blade profile drag
torque parameter , bCQD/o, is a reliable indicator of the degree of rotor
stall. Examination of fli ght—test data has shown that bC1)0/O = 0.004
i nd ica te s  i nc i p ient  s tal l  ( lower  st u i l  1 l imit ’) and that hCQ1)/o = 0.008
cor responds  to  deep s t al l ( u p p e r  s t a l l  l i m i t) .  (i p e ’r ;t t  ion  b e y o n d  t h e  u p p e r
s t a l l  l imit  is t y p ically p r o h ib i t i v e , based on pow er r e q u i r em en t s  and
c o n t r o l — s y s t e m  loads. The- r i g i d — b l a d e  CRP , I . i , t t v s t s  was used to d e t e r m i n e
the buildup of the stall parameter with airspeed arid rotor lift. Results
are shown in Figure 1 The combinations of advance ratio and rotor l ift
t o e - i f  N ’ [eu> t anal yzed are denoted by symbols in Fi gure 1 (a). i”igure 1(b)
shows r I t e  var  I at ion of the stuil l~ p a r a m e t e r  in cc ’ lo t t o t > t a t t ie lower sta l l
I im it titid i dent if it’s t tie c’ombinat ions of ( I  u t t i d  C i , /’’ ~‘or respond log t o

~flc i p icflt stall.

7. i’u, tt ne’r , W . 11. , CH ARTS FOR ES’i’ I MA’I’ INC ROTARY W IN C  I ’l- :RF ORMA N CI - ;  IN HOVER
AND Ii l C D  FORWARD S l ’ t - C t i s ’ , i’;ng u i i c ’ c - t - i i > ~ R c i t i t r t  S i - R — ’t ()  379 , S i k i t r - s k t ,’
A i r t: rit t I )ivision , P i t  I i t ’d ‘I ’ c ’ i ’ l tn o l a p l e ’ s ( N t r p .  , .-‘li t g t i t - i t 1064
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I
Roto r—lo a d  and performance Itar ~tc terist ics wet. - t hen  c i t  , - t i l at e d  in

the vie initv of t h e  CR 1’ s t a l l  b o u n d a ry  u s ing  t l ie Norm a l ~‘t t d e - s  I I I  t i l e ’ Aero—
e la s t ic  Ann L y s i s  (Append is)  . Re -~~ u~~e they we-re ’ shown in R e f  e’r , ’ n c  8 1. ’ -  he
necessary for accurate’ modeling of c i n t  rol  loads  and b l a d e  s t re ss , uns t e a dy
ae rod ynamics  and nonuniform inflow were used. The so—called -c , A , B
u n s t e a d y  awr o d y n a m i c  model descr ibed in Reference 9 was used . Variable ’
i n f l o w  was  ca lcu la ted  u s i ng  the  U ’I’RC Prescr ibed  Wake I n f l o w  Anal ysis
described in t he  Append ix . The bu i ldups  of main rotor power , b l a d e ’  st r e s t - i ,
v i b r a t o r y  hub loads , and c o n t r o l — sy s t e m  loads  we-r e- calculated and c/ n h u i r e / i
to a l l o w a b l e  l eve l s .  ‘I’he var  m t  ion of  -ti gnif [cant me asure ’s I t  b u i-i c ’
ch u a n t  i t i e s  , l r e ’ p r e s e n t e d  v. -r s u s  H and C L/G in F igures  2 and 3 .  ‘l’hte m a in
r u t  or  pow e r r e q u i r e m e n t s  shown i n  Figure 2 ( :i )  m d  ude ’ p a r a s i t e -  ‘‘~~~~

-
~ 

r
co r respond ing to  an a i r c r a f t  e q u i v al e n t  f t a t  p l a t e ’  a r e a , I , at  25 f t 2 .
I’ I z i t w i s e - b e nd i n g  s t r e s s , shown in Figure 2(b) wan-i t h e  f l u t i s t  s ip, n i f i i , i i i t
source of blade stress. At the 60—pert ’ c u t  span s t a t  ion w h e re  m a x i m u m
total stress was genera ! iy P r e d i c t e d , ed ge-wise ’ bending s t r. ’sses w e r e t otind
to be less than 15 percent of the total. Peak—to—peak l e v e l s  of p u sh i r o d
load w e r e ’ Se ’ 1 ected as the n i e m i o n  t e ’ e t f  c a n t  ro 1 — s v st  e ’ni l oads  , l> e ’ e ’ii use -  Llie’ ~’
reflect in a single’ parameter b o t h  t h e  hi gh I re - i j u ency  st  ~i I 1—induced
t o r s i o n al  loads (which cause  bE ’ I i x e ’e l — s v s t  em c o nt r o l  l o ad s )  , and 11’
c a m b e r — , twi st— , and sweep—induced tors i o n  m o n i e n t s  , w lu i c h t  c o n t r i b u te
s ip t i i f i c a n t  I v  to s t eady  f i x e d — s y s t e m  l o i s .  A s i  i i i  f i c a n t  i nel i c l it i l’ of
t h e  level o t  vibratory hub loads is t h e l t ’  rotuit ing  syste-tu vert ic~tl s l i i ’ , i r
f o r c e  a t  t h e  h i n g e .  V i b r a t i o n  t r e n d s  p en e - r i l l y f o l  low pr end t c t e ’d lev i-I s a!
31’ , 4P , and 5P ce> t a t  lug s \ ’Ste’i u sh e a r  I / t r e e - s .  TI t e  3P component w , i s  used
because it i m-i most reliably ‘,redicted b y a nal y s i s .  It  sh te >u . l d h e -  p o i n t e d
out  t h a t  v i b r a t o ry  h u b  loads i - r e - s e n t  I i  I c / I s  f i t n d a me ’n t a l  1 [mi t  tlta ti t lie
o t h e r  r o t o r  loads , b ecause  r e / i t t  i in g  vibrat Ntu can be contro lie d b y l e t  uming
ai r f r a m e  modes or add ing v i b r a t i o n — s u p p r e s s i o n  equi pment .  I - l i ght  e t ive lop e
restr Lct ions based on each 01 t u e  f o u r  lu>mi d m-u  were  e s t a b l i s h e d , base d on
the :  following limits:

t t V t i  11, 11) 1 en m a i n  r o t o r  j nowe r  2800 hp

I l ut L wi ,se stress ±17 ,000 psi

pushrod 1 i’ , t d ± I !400 lb

3P 1> [rip e ’ ax ia l  to rc e ’  ±800 lb

8. B l a c k w e l l  , R. II., and Crintm erforel , H. L. • I N V N - ’ t I C A ’ t ’ I ( t N  OF ’l’H E I -; I- ’ I - - l -s-’ I H
OF BI , A D E STRUCTURA L D l ,S I t ; N  I ’ARA M I - ;’ I I - ; RD i t S  I l l - i .  i P o l t t I-; R S’I ’Al , l , R O I ’ N I t A I t  I I S ,
S i korsk y A i r e ’r a f  t D i v i s io n , Ihi  i t i d ’ .’ ac l t t t t t l u t t n , i e ’s C e u r p .  , U S A A M R I ) I
T e c h n i c a l  Report 7 5 — 2 5 , I - t i - u t in I) ir e -ct oral e , I l . S. Arm y Air Mi ’b I I  i t v
R e s e a r c h  and Dc’ve’ lopmc ’nt I u t l>t t r tt ‘re , Fo r t  Eust is , VA , ~1,t’ ,- 1974
AD 784 04

9 .  A r c i e h i m t e ’ o n o , P .  J . , i t  a t. , 155 55 h 1C, -\ I ’ I I i N  OF l l t - l , I C C t I ’ ’ l ’ E R  N - t N I ’ R i > l  I ,OADS
I N l t t s - : I - ; I I  BY 5141 l F I , I ’ I ’ l l- R , S i k ’ r s k ’ ,’ A i t ~~ r , t I  b D i v i s i o n , U n i t e d  I i ’  I i —

t~~’ I i i p i t ’ i - .  s i r 1 ’ . ;  U S,-\ AVI ,A I IS  ‘ I t - c h i n  i - i l  Ri ’ j t t t r t  7 0 — 2 , [.5 .  ,\ t nr ,-\ v h i t  j o l t
M a t e r i e l  l ,ab o r  t o r i e s , l- ’eir t ‘D in t is , V i r i t h i t  i i , M a r t ’I u 10 7 0 , ‘ SI t  B h i I D , 3 
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l i m i t s  we ’t e ’ e s t i m a t e d  basend on c ’ x l s i  in g  i l . ’n l gn t r en d s .  A c t  uu ,i l  l i t i t i t : -
i / f  a g i ve n  de~ i gn cs u t d , of  c oot  r:~ d e p e nd Upoii d c l  a h I  u I  h i  id - , c a nt  r i  I
system , airfr ame- , and engine c i t - i L t t i t  i on .  t i e ’ stre:,:- ; 1 i t t t i t  i s  l i n e d  in t h e’
e ’ii e h u i r ; i n c  e’ 1 int l t of t it :ma I urn. ‘I’hic t I i  p i t t  e l i t e ’  l o p e  its det c- rut i n e d  I/C ’ e ; i t h  01

t h ieo r o t  or  t o o t h s is shown in I” i p u u r e  4 . H n s t ’ ef ar t the ’  son i ewhi ;t t  a rb i t  r~u rv  S e - b
of load l i m i t s  g iven n above ’ , pow. - r and V it) m a c v  hu t )  load r e -p r e se n t  t l i e ’

— pr L n i a r v  l i m i t a t i o n s  La t h e  I o r w a r d — i  l i gh t  ope ’r at  lug enve lop e .

In orde r  to p e r m i t  t in  c -v a  l o , t t  tü r i  01 t h e  ic -O u s t  I c  i - I i a r a e ’ b e ’ r I at N’s ol
t lien e’ attt p 1 i an t  rot or d e s ip t i s  , p er c e ’ ived no 1 se 1 eve I s  ( N I . )  ( / f  t lie r e t  i ’ r c ’ i t c  t -

r o t o r  we ’re - c a l c u l a t e d  u s in g  t he ’ S i k e i r sk v  , \ i r c r , i f t  \‘ cl ’ : — i t t f l  of i l - R O N  I I , t h e
t ,o w s o n — ( )  I I er l i e ’n d  n o i s e  pred i ent it/n m e t  hoeh I [ c t  c - r e - n i ’ .’ 10) . ‘I’li i i-c met  bach
c a l c u l a t e s  e lr ;t p  r i s e - I t a l S e  due’ t o  e - o tn p r e s s i h i  I i ty  .‘ f t  ects , and , u i ’ c i i i n t s
for t he  e I f a c t s  t i n  r o t o r  no is.’ ci I b I t ide ’ bw t i - i t , t I p m~ e ’a ;: ie ’t  r i -  and , u i r  I i t u t d

distribution. PNI, were  e ’ . t l c t t l ; t t e d  i t  s e vo r : i i  h e l d  points t o  g a i t e r - i t . ’ i

I I  v o ve’r h i s t o ry  as a f u n . - t ion e) i~ ro t o r/ o b s e r v e r  s.-~n u m i t  i on  d 3 s t u t n u ’ e
Fi g u r e  5 p r i ’s c n ts  th e  r e s u l t s  t a r  ml I I e g l t t  Ce / i t ch i t  i d/ t i  t i t t - r i ’~m j / ani1 i rtg I a  t h e
oper ;tt ing 1 i t i t i t  of th.’ re fe-re-nc e’ rotor it tin advance rot to a I - ) . -S

Hover p e r f o r m a nc e ’ of th e’ re- f e ’re’nc e ’ I ’  ‘ l i t  r W , i S  c t t  1 cu 1 ;t t e ’d us i n~ t lt .-
S i k o r s ky  C i  rcul itlon Coup led h o v e r  A n n  l i - s  is P r / ’ - , : i ; i m  ( [CHAP)  , wh i ch  is
d e s c r i b e d  in t h e  Append  ix .  A r e t - c o t  r e - I  i n e -nu e’ltt to  t h i s  u t n a l v s  i s  a t  lows
L i t . ’ t r e a t m e n t  of f l at w i s e -  bend tag and t a r : .  h ar i a  I w i n d u p  in the  c u t  lc t i - i  t ion

of r o t o r  i n f l o w  veloc i t  f e ’s and hover  l / e r l  . t r m , t n c e ’ . ‘lb is f o u t t u r e  is  p a r t  i c e —
I t t r  l v  v a l u a b l e  f o r  the  i t t ’ c ’i - ,t  i gat  ion ci f c’u / m p  1 t an t  r ob  or h o v e r per  Ni  r t l i , i i l c e

F i g u r e ’ 6 shows t h e  h ove r t i p m i r e ’  of  t t t e ’r i t  ( I - N )  01 t h e  re -I  i - r e i n - c ’ r o t o r  its
fe i ne - t i o t t  o f t h r u s t  e ’oe’ f f  i c ’ i e n t — s o l i d i t v  r at i o ’ . ‘I h e  e l , i st  c c  w i n d u p  , ‘ t  t i l e ’

base I i nc  r i ’ t or is ap p r o x  [ ma  be I v  —2 . 5 de~ r e t ’’. . Ref .‘r. ‘fl ee l~ u~ t o r — i t  ‘V t  r un

forward—fli ght da ta  of F i g or es  2 t i t r o t i g h 6 w i  1 1 be compared wi  i t t  i i i  r e ’s—
p on d it ’ig comp i [an t r o t o r  T’c ’sU I t s  l a t e r  i n  t lie r e -p o r t

10 . l.owse’n , H .  V . ,  ;ine h 1) 1 l . ’ t ’ I ie ’ ; ieI  , . 1 .  1 3 . ,  S ’I ’( l l ) I i - S i t t ”  I I E I , I C i t l ” l ’ I ’ R R O t O R
N t t l S i - ~, W t ’ l e ’ I , , t h t t r , u t  t r i o : ; ; I ’ S , \ A V I , A R S ’f e ’ u - I t r i  i i ’ u t l  R i ’ l / t ’ r t  t i 8 — 6 0 , [ 5
t \ r n l i v  A v i , t t  lu / l i  N - t I  i t  h - i  l , , t t i i i r u i t i i r i c ’ t - u , - ‘ i t t  t - ’ t t s t i n , VA , , l , u t i i u , t t v  l~~~ ’t ,
A l) 3.54 30- ’.
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DET E RNIN A T1 ON OF IDEA L 1(010k ELASI ’IC ’ I ’ W I S t ’ l N(;

Then p o t e n t i a l  f or  expanding the  d)peratiflg capability of the re’I e’ren ce’
ro tor  throug h ideal  compliant  ro tor  t w i s t i n g  was the n ex t  s u b je c t  to be ’
addressed . In effect , the capability of a rotor with c o m p l e t e l y  c o n t r o l —
labIa twisting was examined . This effort def flied the hover twist and t ” .-
time—var ying forward—flight twist of an id e -a l comp iiant rotor without
regard f a r  t h e  loading mechanisms needed to achieve  them . ‘l’hue’ search t or
r ea l i s t i c  means of ut eh i ev ing  de s i r ed  t w i s t i n g  i ,  t h e  sub j e c t  of the

-

‘ 

sect ion ent i t led  “ Eva lua t i on  of Compliant Rotor Design h’arutii ie ’ters. ”

Elas t i c  twist can be used to improve several  of t h i . ’ r o t o r  a t t r i b u t e s
w h i c h  l imi t  f o r w a r d — f l i g ht  c a p a b i l i t y .  The torsiona l r e st t an s e” - t  r equ i red
t o  reduce each of the loads are not n e c e s s a r i ly  i d e n t  ical  and t rade—oft s
a re ’ ini~v i ta bly  r e q u i r e d . For examp le , t w i s t  wh ich me ’d c u c e - u-, b lade st r ess
may degrade performacce. I t is , t h e r e f o r e ’ , e ’ssent ial t h a t  c o m p l i a n t
respons~ be d i rec ted  toward re l iev ing  p r i m a r y  l i m i t a t i o n  b o t h  in t e r m s  of
abso lu te  f l i g h t  boundar ies  and efficienc y at desi gn conditions . A funda-
mental level—flight limit of the re-ferene ne rotor is In sitI I eel po\~’e’r (F igt ir e
4 ) .  A v a r i e t y  of methods e x i s t  f o r  redue ’ ing b lade  s t ress  or v i b r a t i o n  t o
satisfactory levels in either design or experimental deve lopment. Control
loads can be tolerated by strengthen iitg contre)l—syst em h a r d w a r e  and pi e ing
the  accompany ing weight penalty. It sltauld also be noted t h a t  l e v e l —
f l i ght  con t ro l  loads , a l t hough t h e y  bui ld  up w i t h  s t a ll , g e n n e r u L l y  remain
below design levels which  fo r  m i l i t a ry  a i r c r a f t  are based ott maneuver s.
The latitude tor improving aerodynamic flight capability t a r  a g i v e n
ins ta l l ed  power is genera l ly  s m a ll e r .  Power required  n e c e s s a r ily  b u i l d s
up with airspeed and lift. A common result is an aircraft for whi ch rotor
loads are nondamaging w i t h i n  the aerodynamicall y dc- f ined operating envelop.’.
For tltis reason , examination of idea l comp liant rotor twisting concentrated
c/n respe)nses w h i c h  improve performance both at cruise’ and e x t r e m e  cond i-
tions . It is ant ii ’ i p a t e d  t h a t  performance improve ments wh ich re-stilt frtiin
; t V e /  Id ing r e t r eat  ing blade ’ s t a l l  w i l l  al so  reduce c o n t r o l  b i d s .

A numbe r o f  i e h e ’u e l — p e r f o r r n ;t n c’e ro tors  were  examined . ‘I wo I d e a l —
pe’rformutne’e’ r o t  o r s  wh i cli  have been proposed In the’ past were -x u t m  [ ne d
first. Per f o r t n i ; i n e ’ e’ c h a r n e L  e ’r i st i c s  and ; i n g l e — t i i — u t t t ; i e ’k d i s t r i b u t i o n s  w e r e
e’ ‘ t  l i i i  l u i  ted for a r/ it or  h a v i n g  c -au :  Ii b l ad e’ e I eme’n t ;t t  c i  and f o r  a see ’ond

~max
r o t o r  h a v i n g  b l a d e ’  c - l a m e n t s  a t  t h e  mt n g l e  of a t b , t c k  f o r  m axi mi tn i  lid, in
e: ,tc hi case , the e f f e c t s  of M a c h  number  and r e v e r s e  I l e)W were  t r~’ated .
Rotor net rolling moment was ha lanced by ct/list r , u  i n i n g  o u t b o a r d  se - c t  h i ’t u -  o f
t he  advanc ing  b l a d e  to opera te at nt ’got ive ang l e s  of at t a c k  cor r e ’ sp e tn e l  l ug
t e ) — (  l i d )  and — c 1  sub je ’ct t o  t Itt const  r a i n t  t h a t  Cd ‘ . I . I l t e ~~e ’max max -

const ra tn t~ spec if y one a n g l e — u i f — ; t t  t a c k  d i s t r i b u t i o n  m in d r o t o r  I i t  t
u - t i e  I I  i c i i ’t ’t t  at, a g iven  advance r a t  io. S imi lu t  r invest  i p a t  I otis re ’p ii r t e’d iii
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[ c i  c’re ’hie ’e f~ shtowe’d the p o t e n t  ial of a c 1 ide ’ ,t I r o t o r  I ’ m  i i t c -r e : , i i - i i i t g
111th X

r ot o r  l i l t  c , t 1 ’ u u b i  I i t t’  w i i i  h e ’  ova  [d i n g  s t a l l .  Ang i e — o f  — a t  t a c k  t ime h i  st o n  c i - ;

on  t h e  t Wi ’ i d ea l  t i e r  I e ’r l l / ;u n e : e  r o t o r s  - i r e -  e: ornp ared  in I” i  gun .’  7 to  t I l t / s e
c, u l c u l ; i t c e l  t e l  the ’  r .’ t  c r01/ i ’ .’ r o t c ir  in the ’  v i c i n i t y  a t  t he  s t a l l  b ou n d a r y
( b C 0p/ i )  0 . 0 0 -5) .  ‘ F l i c ’se� r e s u l t s  1 / u n - m . d  on u n i f o r m  j i l t  l ow  and n b e ’ , te lv  a c t - ct - —
c l \ ’ i / , i n i e ’s c t ) m r e ’ s lx / t i d  l i /  an advanc e r at  i t t  01 ( 1 . 4 .  ‘1 l i e ’  l i l t  c ’ o e ’ f f j e ’ h e ’ n b s  and
l i t  t — t c i— e ’qu i v a i  cut  —d r a~ r u i n . i d / s  ; t e ’ h t  i e’Vecl by  bi te ’  t h r e e ’  ro t  t i r s  tm. - shown .
R e / t a r e’qui ’5’ u  l e n t  c h r u t g ,  D l,: , Is L t o -  e h r , u g  i t t  a be/dy wi t  l o b  , u b : u o r b s  t he  s ; t n i c ’
‘,o5n-r in L r u t n s l , u t  i n g  a t  u t i  r sp e ’ i ’d V i t s  t h e -  r o t o r  else ’s in produc ing l i l t .

= “ / l ) [ h l P — H I ’ p~~~J )  . ‘l ’hit ’ r a t  i i i  ( / f  l i f t  t o  e ’ q u t i v u i l e ’ n t  d r o p  i s  tt e- un ve ’n—
j e ’nt iu e ’a su r e ’ c / f  r o t or  .‘ t f  i .  h e n c e .  ‘t he c~ r o t c ’t  h i s  a i t i g ht l i f t  c a p a—

max
h i  h i t  v b u t  a law L/ D E . At  t h i s  c i t t i d i L  [an , t I le ’ maximum e1 /cJ rotor is metr e ’
. 1 1  I c  h c ’n t  t h a n  t h e  r e ’ f e r c n e - .- r o t o r .  At  p 0 . 3 , e W e - v i m , a n - t a r  e5- j th  i l l
ne , ’t  ions  ,t t  m a x i m u m  l/ d  h i s  a r u / t e a  L /D E ’ ,s’ c i H t -  li on t h a t  i t  b l u e ’ t e l  c - i t - u ’ , -
i t  or at t h e  sattte

Iie’c ,ttts , ’ t h e  n ia x i ru lum :u e ’ c t i e ’n  l / d  u n 4f  c 1 c r  I t t - i  h , u d i d  i t e i t  e i ’ n: , l5 b e-ilt l v
H’l c i\ ~e p er  i , ’ n ’ i - , n i c c  m d  i u iOU e ’oV cI  dci  ne u t  h i f e u u t  i f  y b I t e ’  in ;t i t i i . ’r  i t t  t~b i N i t

~n p l . ’ c/f , u t t , m c k S i t e / O l d  be ’ e’lt ;ui tge ’et I e/r v ,u ri ,t t i / on  i i i  I i f t ~ i t  I i :-u .-~l , t i t : ’ t t e ’ e ’d .
,te l e h j l i , ’n , u l  - - r h t e ’r i , u  we ’re  : u - ’ u m i ; l t t  . t i e ’  I m u  c t  i t c i i e / n  s e t . ’ t e d  \ i , i S  t h e ’
tni i ti i n t i z ;t t i t o  o f  I t t t e ’ p m i t e ’ct ~h r u t p  b a t  ,p e c ’  t b  e t c h , u , :  i m i i u t h i  whi t I c ’ ni~u i n t t i n i n g
f l i t ’  h i l t  o f  : be ret .r c -n e c ’  b l a d e ’ . l i e ’ u , t d  j u i l d i n - i t n i b t i t i i ’n  i t  I~ ’ ,ieh ing wh ti .’h
m i l l  b i n i i i e ’s the’ it ttc’gr il of b l a d e ’ e l e n i en t  ~h r , m p  t i- / r q t i i - s u b j e c t  b e t  t t m ; t i n t , t i m t  l u g
a spc ’ c ’ [ f [ c ’d t e / t , t l  b l a d e  I i t t  e m i t  b . d . - t ~~r m u i h n e ’ ~f i i : -  l ug  t a r  b u t  11/ 1101 c ’ Z t h i t l i t ,IS
( R e f e r e n c e’ 1 2 ) .  For i t c h  r c - I , t t  i i i n n h l i p  I/ c ’tt , ’ e ’ e ’ l i  a i r f o i l  , t n g l t ’  o f  i t  L u c k ,
l i t  t , u u n d  d r , i g ,  t h e ’ a l i t  m i t t  r u i e h ial  d i n t  t ib u t  i o n  oh t i n g l e ’ of  ~t t t u i c ’k i s

e t c h  N e - c l .  ‘Ib i s  c / I / b  i i ’ i i : ; t t  ion u r N  e r i u t  m,’ u s  used in  t t i e ’  S i k o r s k y  - ‘c t  r l o,td
i i p t  i n u i z , i t  ion Analysis (A p1/eitdix ) L i /  d . ’t e - r i ’ u h i u e  n ip l e  c i t  u t t t , i c k  ;ut d t W i s t
d i n t  r i h u t  I t / O s  a t  t ’ u i e ’l t  ,u i , i n t u t h i  w h i c h  r e ’ s u l t e ’d i n  a r c / t e / t - w i t h  t ile’ l : u , i x i h i i t u h i m

b i t t  - i t  I i l t— L ”—e ir uig te/rquc rat N , 1/ QI ) .  I t  sh e tu i ch  he- t ic t i n l e ’eh o u t  t t t , t t  t h e ’
.‘ t I c e  b e  of  l ne luc  eel  e l r ,t ~’ , u r , ’ no t  Inc  I t i d e d  u n d e r b i t  i s  c / I / t  im i ’i at  1,011 er  1 te’ r i i .
- t l i i j n t l z ; i t  [c / i l  ~ t i ndu ~- c ’d d r a g  w o u l d  i/ c ’ a :~ i ’ i n i e ’cs- t i , u t  i n u r e  i nv o l v e d  p r o c e s s

be ’ e ’ a t i ’ u e  a t  thte ’ need t o  i t e r a t e  b e t w e e n  m i n i/ ad ,ind r e s u l t  l ug  i n f l o w  d h i - c L r i —
h u t  i.i~~s i n  - ek  h i p  mu op t  i t nu t i t t i . Prig t i l t — t i n e - IS t il e ’ l : u i ’ l ~t ’ i-c iput l l e a n t
u atflI/ottent he i r  Iiigiu—sp e’e’ eI f t  [glib .

J

I I .  A r j . I j t ~ ‘ i i , , P. 3 . , I I I I O R I  U l C A l  h u h , R I : u i m~M \ N p I :  I l h l . t t O I ’ I l  [S
SIg ’ t t N p  . \ N I t  h h I C I h l - : R  I I A [ N i i N t C  - ‘ [4 1 1 ( 1  [ I N C  u i u N I  [ i t t  , lo u t - o i l  at  i n .

- \ u : m e r  1. -au  h I e h  i i  ‘ pt  or  S i l t  l i f e , V~.l  . 6 , N~ , 2 , - \ t ’ r  i i  I ’ l l ,  pp ~~ _ l i i

12 .  C i ’  I t  t O u t , I . H.  • i n t l  i- anO n , S.  ~~~. , OAI . C h ’ I  1,5 i t t  V ,-\ R I , \ I I t t NS , i t c- b 0

I l - i l l  , I l ie . , i i i ’ N -w ‘ c i i i  C I i t  , N .  , I , , I 0 ( i  3
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‘ t h e  p r c / c c - ss ci I mm imi z [rig e l m  t g  t d / r q t m c ’ wi~ h t h t c ’  a ir l o a d  i / p t  i f l t i ?, t t t  jolt

~tiLt lvsis asstmntiilg unit c ’ m m u i  [i l l  l aw  is ii lu s tra ted in i ’i g u m m e’ 8. (-‘or a g iven
I I i ‘l i t  c o n d i t i o n , tile: CR!’ , t i h , i  I ve t s  is em -ce ’d to de-teni tiine the! azi e,’itha I
distribution ol total lift , tb. required c o n t r o l s , and t h e  i n f l e i w  a i m ; ;  he ’s
oi a ha~~e ’I Inc  r o t o r .  [l ie !  ,t m c  l oad opt Ilihi5t tt id/ li pre/gram thie ’ri spec I t  h e ’s t t t e
ra~l m i .1 d ist ribut i . t ns  c i t  u t m i p  I i ’  eu .u t  t a t  k w h i ch  tmm i rt itn ize’n drag torque. I h m e
r c’e iu i r e d  I n  t n t  is computed h / t e e -el on t i t e d e s i r e d  angles of a t t m c k , tile

e /ntrol t u g l o s ,  and time inf low top  [c ’s. F’I n t t  I i v  , the t ine—varying twist is
intpre-s se’eh upon the  basal inc blade and t h e  rotor pe’rl e ’ m : u i , u i u c  e is ca l c u l a t e d .
t I m e  pr . e c ’5s is r e t / c l u t c h  u n t i l  I c two ,un ,u I v s e ,s , i c hi i e v e ’  c o m i c  1st e’l t l con t  ro I
aug l en , t iecpp i m i p ,  and t w  I s t i n g

Rc s u I L - ~~, ‘ i ~ t hese  c , u t c u l u m t i e i n s  i n d [ c u t t c ’ a si g n i t  i ct i n t  p o t e n t  j u m i  I c / n
i u n u p r e ’ v i u i p  r o t o r  f o r w a r d — i ’ I I m ’ h m t . p e r f ’ ar m n i m i h e - c - . I mp r o v e m e n t s  i n  e l f  i e : i e u e ’v
ach le’vc’d ts ’ i th  the u u i u t n m m u r n  L/Q 1) l o t  ‘c l u r e ’ shown in  I”i gure 9 . I - :>u pans  [c/Il i / f
t h e ’  re -I c - r e - ac - c r i - t a r power , i u m m e l , i r v  , b a ne - h to t  ti m e’ 2 8 1 ) 1 )— h p  l i m i t , is shown
in Fi g u re  10. Results t i m ’.: base  ci on e m n i l ’ r n o  [ r u t  li t, and s t e m o d ’ , ,ie’rc /d \Itam i e’s
[ ‘t a r  I i  1 t—to— equ i vo l  e n t — e l r , u m ;  m . i  t lcO-4 :u l u i , w  e :c ’ns  i ste-i t t i m np n e / v en l e n t s  o v e r
L i e ’ s . -  c ’ t ~ t h e  re ’ f e ’r , ’ nce  r i u t c ’ r  at a e l v , m i u c e  r u t  ios c / f 0.3 and 1 . -S ( h ” i p u r e ’  9 ) .
At  = 0 . I , tb .  max imum n~/Qp r ot  or ,ie It ic ’ve ’ ,s u t  2 0 — p c ’  r c e - n t  inc re -t u n e ’  in
m :mu i x  m m u i r t m  C 1 !t ’ . l i m i t s  d e n o t i n g  t h e  p e r t  e / l i - i - i l u ,  c-  o f  b l u e ’ c i  

~ 
and (cl/cd) 

~r e ’L or s  dese’ c i  bed above ’ are Inc I ude - cI 0’ r cu i r i p a r  is.iu . -

The per formaitce’ p m  i n s  p r t ’d I c t e’d f o r  tile’ unio n - u i m u m  l !i ~l ) r e t  ~ r e :u cn he’ pu tt
Ot to p c ’r s p e - e’ t  l ’~’ e h / v  e -a u l / p u m r m i l p  re-nei l be t i  those’ i f  t o t ’  h e l e ’ , i t  m i n i m u t n — d r , u e ;

m ’ ’ t t ~ rn . - ‘ i - m i r e -  9 s l m a w n  t h e  c ’ q u i v , u t c ’nt 1if t. t c ’-~ fr uup r u mt ie / c / I  a rotor
t r  while -li e v e r y  I ’ - i d e’ Sec t  ic/ri ope’ra t c -i u u t  c~~ - is ,a function i’f ~I u n - l l

- th in
n u m b e r  ( C u r v e  1) , and c i t  a r , ’t e .  r w i t  i c l i  s t i l l  e m s  ito d r m p  r i nc  as ~i I u t i c  Li  oil

c ’ t  M u c h  nu m b e r , i . e . , Cd = cdi , t, Pc u r v e -  2 1  . Curv e 1 c l o s e  n bc-s  a rotor
b lOt

w h i c h  dc li [e v e n s r e q u i r e - e l  l [ i t  w i t h u c ’ c m t  e x c e e d  i ng  t h e  u t m i g l e ’  c i t  a t t u t e n k  t e / r

m i n i m u m  d r u m g ,  and thi e ’rc ’for,’ c l e f  i l m e ’s ii limit gre -at. ’r t h t t i t  e r  equa l L i t Whit ti
, m u u be ,ue ’ h i i e - v t ’ e l  n l i r ’ t m u ; h  i d e a l  t i n g l e ’ of , i t t u u ~ ’k i/ p t  i lniz u l  [c / l i . C , m i m i o  I r e /ni
h ’ i m r y c ’ l~ b i t  C u r v e ’  2 i r e -  t h e  i t t , 1  i t  I a n t i  he ’ m i c ’l i t S  to  ben ac ’b/  l e v e e 1  bn - ’ c- I m m —
. t t i t lg I I . ’ . 1 1 . ’ - t o  i t  c ’ c / t u u p r / - : - n i h i i  It v dr u tg r i s e , i / i / s e l l / t v  t h r o u g h t h e ’ Un - m e’

0 1 tu b , ti l t ed a i l ’ t c i j  i s  and L i  i~ d e s i gn , am re’et ue ’ocl t i~/ s p e e c h . ‘I ’t ie’ n m ; t x i i n u t m i

l if t L u g  capabi lit’ ; u I  e tch r o t  h r  is I t m i l e ’ d bt ’ r e n t  r c - , u I  l n p — b  l a d e  s t a l l  , in
inch i c i t ed in b i t e ’ fi gure’ . l b is apparent t liii  t h u e ’ m mi ; tx  i tut um t / Q 1) r u / t a n
,t,’ hii e ’Vi,S .4  5 l [ f l  i t  i t - an t  I n t e l  i l/ t i  u t  t h e pert e/rtul utn c ’e’ t i  i tis ,ue ’h i e ’v m thi e ’ throu g h

,t llm ’ le ’ u t ’ i t t i c k op t  i mj ’/ , , t t  l u / t i , e’ slie ’c - i ;t ll y ut t h e  l) . ”t ,ti lV, umut - c’ n i t  to. I t i s
,t~’~’ , ur. -i t t , ttowe’ve ’r , tit utt fort her put in s  should he pc/sn i f/ Ic I /v  t’ e ’ e h u i e  i t ig  ri ,tc ir
t i p  ~pe’t -e f in i n f e r  to m i n i m i z e  c o l u ij / r c s s i b  i~ I I  \‘ lose ’s, h u r t  he’r . r esults

st tc ’h un  t t t e ’ n e ’ app l y  tc/ 1/Ul y c / t i C ’  ,iirf oi I desi gn. I- :xt lln u t l i t  i t / I t  c / I  0 1  r i a i  1
u h f  t i p  s1i& ’t ’d v - u r i a t  i e / n s  we’re- l / e ’ V / / n c h  t h e ’  S’co pt ’ i f t i t j s l t iV e ’sb  h i t  li / il .

‘ F lu e ’  n , i t u r e  u l  b it e p e r t  t~ r u u u c i n c e  [ l t t j / r c / V e m e ’li t , t c h i i c - t ’ u - c I l i v  m u i x i n m u i u : i n g  L/ Q1)
i- - i  i I l u - u t  r a t e d  i t t  b- ’ i p i u r e ’ n  II  th ro u g h 16.  1-0-sul  t o  f or ’ t h e ’  i -on e h i t  [ott  s i t t i w m i

(~ m = 11 . 3 , Cj/cn = 0 .10)  , i r i -  t y p i c - a l  i / f t h e  e .t lte’ r p o i n t s  i i i e ’ l u e l e’cl in  l ” i b’, k i r ’ e’
I) i g m i r t - I I c ’ omht p ~t r e -s i c ’ Ic -re l ic- c’ au t h  uu u .tx i l ut u itn i i~/ QD ri  i t ’  t a, : I an t  h a  I d i  st r i —

hut l a t i n — u  o h  I n , t p  t o r q t m c ’  t o o t  t ic i e’nt c t 11 . u r t i d  i/ l ade ’ t n - u i , i  I h i n g e ’  I ‘r e ’..’

I s



coi l I i~ ’ i e ’nt  , c ’~~ . -‘t m ; - ‘ m i n i m , i ii , ’ t i m , -, i m u ui i  h / m i 1) r o t  ‘ m  , u c l u I c - t ’ i ’s t c r c ~ u m -
i o n s  m t  e t ch  , i , ’ i m i m u u t h t  w~ i t . ’  u : u O e t u i l l p  l i e - i c - I i n . ’  m i t  t m  l i t  I .  h- ’i ’ i i m - 2

‘resents ‘ u  o h u r f , t e i ’ p t I u I  I h i ’  t i , t , u I  t o i l i e ’ i l t t i i  cc l  I ci t u i , t x l t l t j Z e -  t / i ~ 1) .
‘ i h i e ’ S c ~ [/ I ‘t a • 0 0  1 ci; .m r - u - c - cl e’~~t c l i  S \‘e’ I v in I hi i n - ;  r~ c r 1  , a n - c  , m - e  I 5~ c . -c t I V t  -

V l e ’O i f  0u r n  i c c -  c c i i i r . -p r . ’:~, - u u  s t ic l / i u t p t u i t  h i 0 -  ‘ b  - /  m ; i ’ ; c ’ u u  l u I i u m t  t V m m ;  a

t oile t ~c’ll i ’ i  r u t c h  i i i  and t i  i t n u u t t  i i i  t i c o l t  m u t t  iv  ,;  -; r i  l e , i  I a i n p l u i e e - n m m c ; u t  I r e in
, i  n e - n o  p l u u t e ’ . m i t . i  uie’ c e t c ’ d  t o  d c l  jOe c u r l  .1cc - i - c I ’ m  , t t  I s h - .’ i u i l I m i m i  i , - r ’ - ’
c h v m i , i n i i ut ,t n c i  d h \ n t - i : : i c ’ q t i , i l ’i b i t  ic’s  m u ’ . ’ - I ‘ n e d  c m I t I c ’  f t  i , t e ’ h t  I - e l f c i n f l i u t l t e n e ’  and
b l a d ~’ m e ’s h i i / m / o c ’ e , t l c i ; I , t t  I c / I l . S u i r t  u l c e ’  p l e i t s , a; nt - I l is  n t , m u i , h t e - i  XV 1/ t o t s

, i u n  - ‘ u t ii ‘ i i  r , t j j t m s , , t m & -  t i - i - m u  pc ’oc ’ r . i E  cci i~ fl d i i  i i i t e ’ m , i e t  ly e  lu , i s i n I t  ‘ ‘flu
‘ i ’ : ip h u i c :  el i sp l o - ;  t e ’t ~~~i~~, t h  . ‘I’he: V utm i t t m ; . ’  t / c /  i i i :  a t  t Im ~- ; i l o ; e - r ’ .c r  i c - h u t l V i  I c .

t i l t , ’ s u n t , i . , - c - c dli l i e , u t f ’ i L r a r i  0 c c  h’i ’I e ’ ii . lit t h e ’ h / h IS c/I I’ t O m e ’s 12
I r - / u i gll  11) , t I l e ’  e ’ h i t , e ’ h  t t  h i / I l  i i  h i t  L i - u  I d / c i t  ~‘d ;t b i ’v c  u t n d  c h i n e ’ I I n- f~e f m  h i d  1 i i . ’

u , ’ t o u  ~l t n t ’ i t  an c ’ h t ,’v ;t t  b i t  n i g h . ’  c / f  i t / o u t  I I I  , l c ’ i ’ n i ’ c ’ mu . ‘ l I m e ’  n u i m a r - ,- m i t  i i  i t v
i f  ‘-, i m r ’ I , u c c  p l c i t n  i n  i l l  t l l c / w i i l u ;  r m 1 , m , h  q i t t l i t t i v e  , i e s m i u : L 1 , I  h a n  ‘I  , .  l i t - p . ’
‘i d ’,’ a t  d , i t m .  Q e u u u t t  i t , i t  lvi ’ i n f , , l ! u , i h  i c / t i  Call , m , ’W i ’\ , i , I ’ . ’ o Ct  l i t / e e l  - u s

u I l u u - t  n , i t  c c l  t n  F ’ i u ; n i i  1 3 . [ i l  i , t l  l i m e ’s c i i i  l ’e ’ e l r u i w m i  i n  t i .  ‘i . e  c ci 
~ 

l a i n . -  i t
u t i i n u i m t h m  e m . ’ I e ’n dO i t m l , i ’r i  ot  . V e r t i c a l  d i e p l u t c e ’m. ’n t : - - c i t  p i t  m l ,  o h ,  t il e ’

‘ u n - r I m e - c  I n ‘ : : , , , ‘ c r  c’sI ’ c ’n h l i i c ’, r ich 1, - i l  I i u e ’n c u R t  t o n  h / c ’ I ’ d i ’ m u i ’ , e I  t i t i c h  cc i m n u l , e m ’ , i b

t o  t i e’ v e r b  l e t  1 se ’ , t  I t ’ i m m e  I t i d e - i l  n l l  h c a c t i  f i p i u r . .

I i ; ’ m u n e  1 2  , i ’ u ; u h i , t r e ’n  t I me ’ i n - O u t  pa t  t e r n  of  t i c  l n u , i x i m : m : t u n i  I ! I ) p r e t / n  i t

= ( 1 . 3  , t t u c h  C 1 ’ 1) . I I )  n’ [ b I t  tIle ’ I m - - l  (liii l i t—ill ) to i St i t  t i c  r e f  - n  e n m - c
rc ’ t c ’r .  ,\s ~ h t c ’~ ’tt , b l u e ’  ‘ n j u m n m n v  t t - , u t u r e s  i t t  t u e  i d e a l  l i / t i / n  t w i s t  ‘ - i  b e t  m u  i r e
, t  mc t i  mm - t u , t i  kim id i s i m l u  - h i ; ; ,’ — h i  - id c I I o h  and i i i  i n  m c  - 1 m m , .  - in rc - L r. ‘ m t  i iu- , ’,~ I ’ I - c f  v

twi t e’ n l ’ c - c i , ml I v  in b i t e ’ t i p r . ’ m , i ou . I lie l t i , i u i l i c u ju t i c I m i ,  ii t i c  l i i i : - , i i t iu m nt  I / a ~
n - h r  t t t ip m ’vcs  I / c ’ r h ; r n n , i m u c d  i .  I t  h e i s t  r , m t e ’d ‘ y o u r  l , e ’ e ’ plc /tn a t  m i t t _ I d ’ u / f

i t  b , t c  k , , i  I r 1 c t u t d l  , and c - i ~. - n I l c i l  1 ;  1 drag t a r ’  mt O h i O / i  i l l  t- ’ i pure’s I ‘ , I ~ , , t m t j  I
- u / 0 0  I t t  I I ‘ ‘ i  I t c 1 -u , t t i e ’ m e l  c u t  I m c  - [ e l m I c c l  i l c  c -n ’  re -I n . .  i t  1 htp-’l / I ache’ t i p a i m ’ I c’S

c u l  , m t t , t c ’k an d  , i ’ ,’ d / i d h s t ie - p i t  i v ,  t t el t ’ u i h / e’ l n b ’ — h I , t d h e’ i t ig h e ’n - i or wI t  h e l m  ‘ el > ~f •  ( M m .
I l w  r t - p i o i /  un /g b . : ;  ‘ I  i t  t , t c k  i n .  c t  i m i n , t t c ’ cI f u i r c ’ l , i n j t y .  ,\

i - i u u n l i u n i s o n  c i t  - u m n h c u , i c h  d t s t r i h t i t  l c / u t s  i n  l-’ [ g u i r , ’ I / a l m c i ~~’~~ m s i  m i S t  t e’ t l , l e ’u i c v

L i i  c i i i  I t  b i g h t  t~ [p , m j n l u ’ a c h s i i h h e i u u n c l .  h ) t ’ u u n u , u t  h e ’ S , m ’ ~’ i u i m ; n ;  iii d r a g  tc / rt h i l c ’ ire ’
s b t , t w t t  i n  :1 t i r e ’ l i i . l / r , u u ;  te / r d h ui e ’ is t’ c - ,h umc - e ’ ch tub e v e - m v  i ,  inut it hi. ,-\~l t m mmc ’ l i i i ;
1/ t te l.’ t i1) b e /m e t tl e’ e’ e i mi t r i h/ imtie /n s ream /ut i n  Ii [phi I , c ’ u - , u t u u u , ’ i f  t t i ,  I i i  p h t i p Mi. ’Im

I lie’ s ,- d , i I  , u i n . ’ h / u s e d  e/n t h e ’  t t s s u m i ipb  I c / m i  c i  0 1 1 1 1  cur s  i n f l c i w . t i t l e ’

i ’ i ’ s t t t b u / I  l i t  i n  u s i - t u l u t i h u t  1./ti i n  t lIe ’ p r e ’d l e t  ic /n  c i t  h i l~~hi i t / i ; Ic ’S c/I - i t  tutu -k inc h
c h m , t g  c e i e ’ f  f i u ’ l c ’ m u t s  , t t  the ’ L i i f c / r  t u e  b~i~-i~ ’ I  in c  t i / h i m ’ . u\u- ; u t  r e ’ ’ ; u m t t , t i ll
e ’ e/ n t t ’ i h t t l  h i ’Os  let drag t o rque ’  ni , mv  l u , m v e ’  I / c e o  c / y e n / i ’d -ct i e’ t , ’d. ‘ l i i  n I  u dv ( l i i i - ,

(hd ue’st e tu  t i n t  t u e - n , t lie c I t  e e l s  a t  I ti e ’ I r id 1 m m ;  v ar  i , u b  I . .’ h u t  I ’ m  c/ U t i / r u h t u e ’
stvi ng s ,t t~ h t’c’qui nc ’eh twist we-re’ n - t t u c hle’ e l ut twc/ I I ig h i t en otid i t ic/I/s (~~ 

= 0 . 1 ,

Cl_ In = I t . 10 tutd p O . - i , C 1 / c m = 0 .0 8i ,) . Ibis i - c/ tt l l / t i t~ t t 1 ,t ui i o v i t l ’ c’ e’c h i t . t ’ , t t  ic / ut

i/.’ t We ’t’It ( R i  , t h ut ,’ A in  1 ,otd 01/ b m i i  ‘i_ at li / Il A u i ,t I v  s ic  and I lie ’ I’  r.-a~ n I I t c h [‘ ik e’
lu i f I civ A n t  I s  i n. h is.’ I l i i i ’  and max i mt mu u nu 

~~~~ 
t ’ , / t  e l m  t i  t l  i l ’  t c ’ h i l t  l i /c,’ t i - n - n  11

‘ ‘ u i  i -op u ’n e l i mp I i  t l i t ’ on i horn io I l ii, ’ el _ it a i , 1 v’e - m t abc /ye’ a n- c p lc - t u b  eel i i i

I”i gttt .-~~ 17 t h i r i ’ u t g li 211 . lie ’ h i r i n i l / _ il m c m - i u l t ~ t i - .- its h i / I I, .o’s:

>t, uu ’ ui IcI cle’ s c i t  t lie ic/ r qclc - nce htt e i i c / mis 1/ne d  0 t . - cl w i t  Ii ot t  I - n - m u  , t t ~~h
v ar i ll /Ic ’ t n t I i’w ,ir ’c’ )‘,e ’ t /i ’ n t 1 It’ e’cittt p ,t t ’ ,tlu I..
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_ _ _

2 .  ‘I’bc’ 1P twist requirement c’ tlc iil - i ted wit h var iable inflow is
essentiall y the same as that predicte d with uniform inflow .
Ihi g hte r  i l a rme/n ic  t w i s t  i t ig  , in p a r t  icc ;  l a n  tu nosedown twist jug in
t h e  t h u i rd quad ran t  of ro to r  a z i n t u t h i , i s  p r e d i c t e d  w i t h t  v a r i a b l e
in f l o w .

3. The reference rotor angle of attack ehistribut ion , based c/n
variable inflow , includes a luirpe’ positive reg ion in the third
q u a d r a n t .  E x a m i n a t i o n  t r ,me e ’ s t h i  i n  I I c l c t l l a t  ion to  p o s i t i v e
induced ve loc i tie ’ s r e s u l t i n g  f re / m d u n e ’ b i a d c - — v i ’r t e ’x  passag.- .

4 .  V ar i a b l e  i n f l o w  I u i r que  reduct  l i m i t s  r e s eu l  b mor ..’ f r o m  a v o i d  ing
re-tre ating blade stall titan from eliminating h igh ti p d r a g.

The’ amoun t  and the ’ m a n n e r  by w h i c h  t h e  o p t i m a l  t w i s t  v a r i e s  w i t h
fli ght condition b ia s  importanl~ implications in t h e  s e l e c t  i c / f l  i f  a compl  ia nt
rotor desi gn . A loading m e c h a n i s m  wil ,l  be’ sa em g i ; t  w h i c h  ttchievcs nearly
optima,1 t w i s t  for a ru ing . . ’  of  f o r w a r d — f l i ght  c on d i t i o n s  aild h i e m v e ’r. A i r l a a c l
c/pt  in h a t  ion me-Suits based on uniform inflow we’re’ examined to  show b l u e ’
v a r i a t i o n  in t w i s t  r equ ire ’n l eu ts  w i t h  I I  i g h t  c on d i t i on .  Fi g u r e  21 sh eiws
t h e  t o t a l  s t e - i t c h y t w i s t  ( b u i l t — i n  t w i s t  p l u s  s t e u u d y  e l a s t i c  t w i s t )  and t Ile’
sine and c’osine comnponeults cf IP c’tttst [e’ twist required for max imum L/Q1).
Fe/ti ;’ u/hscry ;t t ions can be etrawil :

1 . At an advance rat Let  cm t 0. 3 , inc reases in st e t t c l ~’ (ue ’gat I y e )  t w i s t
ujucl 11’ sine twist ( a d v a n c i n g  blade flO5CUI) and re-treating blad e ’
nosedown ) t ire r e q u i r e d  w i t h  inc reases  in CL/U

2. At an advance u- a t ia of 0.4 , t w ist requIrements dc/ not c : I t u t n g , ’
si g n i f i c a n t l y with lift coeffic’lctlt.

3. The effect c f  advance’ ratio is tel require ine’reas e’s in stead -’
and iF s ine’ t w i s t .

4 .  The l a t e r a l  ( i h ’  sine) t w i s t  component  is mon .. ’  si gn i f i e . i n t  t I t a n
the  fore—and—aft compone’nt ( 1P  co s)

The impact  ot t w i s t  on he/ye ’r  p e r f o r m a n c e  was u t l s a  exam ined t e l  d e t e n r —
mine the id eal value . The variation of fi gure of merit with linear twis t -

‘

m i n g l e ’  wu t s  computed at CT/ U = 0.10 w i t h  t h e  CCHAP analysis (Figure 22).

Th e’ pr  i ul u ul nv power component in hover  is  induced power.  Modera t e  iner, ’t lse ’s
in twist improve induced ef f i c i enc y b y shifting air loads inboard and

e’r c t i t  ing ii more ’ u n i f o r m  downwash f i e l d .  The op t ima l  t w i s t  p r e d i c t e d  h ’
( : t : h I A h ’  is tipprox imately — 2 ’~ t o  — ‘30 degrees. Peak f i g u r e  cml ’  m e r i t  is 0. 7 ( m .
RI;tche ’s h a v i n g  such ut large’ amc/rtn t of b u i l t — i n  tw i s t  would i t , ’e’essa r l i v
t - x l ’ t - m  i t - l i c e ’  I , m r p , ’  f l t i t w i s e ’  bend ing  moments  in f o r w a r d  f l i g h t .  It  i s  t h e

I o f  the ’ c omp l i a n t  n o t t i n  d e s i gn st t t e l y t i m  select ae ’ r o d v t i , t i t u i c  and struc -t i t ral
pr / p e n t  i t -n w h i ch  i m p n c i v . ’ hover  p e r f o r m a n c e  by i n d u c i n g  s teady u ’toscdown

h i’s I I c  t w i s t  t u g  and wh I e’h improve  f o r w a r d —  I i i  g lib pe r t  i /  rm ane ’e by In e lue ’ hip
- t i n - u t ’ — ’, ’, t u - v  log tw ist s i u t ’h in t h a t  de sL r ibed ahoy , ’

.10
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L Y A M  I N, \  ‘I O N  ( I I ’  ‘ 5 ) 1  U P  I - l A S  I ’ l l ,, i R i S h  0 A

‘io h /r e v I d l e ’ g u i d a m i e c -  l u / u ’ t h e  c e/flip li utu t rotor de ’s[tiit ,i;n ,mt vc i s , b e - s t

, I , u t u f d / t ’ re / bu l l ’s c ’ S h i d l ’  i e’ f l ei l i g  s i m n u l i h  j e , n u L  e t v i m , m n n i l e , tw i s t i n g  We ’re e’ X t t i i i i u i / d .
t )b l e ’ et  ly e -n, w e n d ’  I m u - s t , t d /  dci i l u t e  t iten t wist lug i u l e l u u e ’e’eI Dv spec m m e  ( I C ’S i g m m
pu t m ’ , m n l i c t c i ’ n , and second , b e t  d e ’ t e ’ r m t i i u m c ’  t h e’ e l I c i t  n-, c i i  t i m e  t w i o t  i n n ,; c i i i  ru , i . c ’ r
pe’ r f u / t n n u ~Ul e e ’ and  b l a d e’ I d h a d s .  l~~c i nc- b c of ’ t e n -u t  c i t -i t t  w h t i , c h  e - u - u m u i h ’c i t  ,‘-. ig u i i —
b i e , m i m t  v u m n i , t t i c/ t ls  in h i l u m d e  t i n t ’ s  i a m i , m l  r c S p a u m c e  , i l ’ c I l i e ’ e,) _ I ’ t ‘ - d t , i n u i ’ t e ’r  i m u t ’ d c  1
r o b i n c l , u t , a cj c ’ s e n [h i e d  11/ E e l  c - n e - l i c e ’ II and t I m e ’ f u l  t — n e ; m l e  1 , i H 5 3 I)  s ., ’ 1 i [  ti p
I ’ I l g h i t — t e n - ’t d u t t , i  p m c ’ n c m t l e n d l  In R e t’c,’r e ’ i l c e ’  5.

I I I ;  I N  Oh l i m O  I RU I U h ~ i t  I IC m I I I t I

li ’ : ; t  c ha t  um we ’re ’ e O ’ t , l I n m h ilc ’ eh h o r  c l v l i , m m n ’  i c - i l  l- ~ scum I c ’ -J I I —  -u Him ’ ’ d i e  I m c m l  ~~~
u , m m j c h i  i u u d c i r l , , / r , m h e d  p~m i  t o e - b r i e  v u t r i a t  [e m s  in s t i l l  m , , n - n ~ , Ls ’ i nt  , an d  , ‘ , i f l h i i e - F .

I l i e n - c  r e t  c i r s  We - i’ .- i / u / b t e s t e d  i n  e o u l m l e ’ c t  i i i  o u t l m  it s t u dy  . 1’ cc .’~~t u l  i t m m l i c .
l I tre - c - C c v  e ’ c - a l i v e - u t  ic m na l t c i n o i a u t 1 i h  st  [I I l i e n s  - mn ! m n t i -  hi ts  ,~~‘ ;  i m l e - r e , i s c ’ d f
t , i m ’ c l i , u i , m  I s t  if f u i c s s .  I l i e ’  goal  a t  t hu.. ’ d u m t a  u u i m , m l v s [ s  win ,  t c i  i c j e ’ m i t  ifv
e’ l u u n ~t Ic L w  t o t  iu l g  mi iet ’h i t t u i s i m i s w h i c h  c o u l d  l ie  e ’ S h m t ’ e t e u _ i I . e m , m \ ’ e ’ I I i i O ’ c’i’ t u l
c I I ’ cc: t S cR 1 0 h i l l e l . ’ c i f  u - c - d ue  c i i  t n - n  I u / n a  I s t  I I i i  - - m s  . ‘I’ c c / t i n -  ‘ I —  I t — . 1 i t i n - i c  t / n
m c / t c / r s  We re ’ t c ’ n t e’d h I  t h e’ 8 — i t  b c - n t  s e c t  l u / i l  c ’ t  f l u e ’ b I E C  i u l , i l i l  w i n d  t u n u i e l
ti u id e- r A r m y  l i m i t m u u c  t t ) , \ ,\ , 1 0 2 — i n i — C — O O d t i . R u / t e r n  0 , - r e - t e n t e d  I i . ) t , iii , i c f t , I n l e e
r u i l  j~ m i f  15.  ‘~ O n -tel I c i i ’ v ar  i a t t n  cc/n t )  t r o u t  i d / h i s  of  o h m ,  t t , m n p  I c - ~ uiel c e m i  I e ’e I ly e

p i t c h .  ‘[lie ’ l i i i  l e /wiu lg  I o m i t ’  c : o m l f i g u i r i t  i c ’n n  h. , ’ m . e i , ’ n t e n d .

a base- h i i t e ” i m i i t W i n l’ c - e l  b I , t e l e’

2 .  , m  I x s c a l e ’ t i f l ’ i ;c u n  b l a d e ,

3.  , u fil tele ’ w i t h  2 0 — I / c - i ’ e ’ i i l  c h o r d , 5 de cree d c - I  1. - ct  i c / n  p L i l t
I I  ti lt , t i t l e 1

— 8 — d c p m ’ e ’ e ’ t w i n  L I) lad . . ’.

R o t o r s  had a S c / I  j i l l  b y  c / h ’ 0. Oh 3 utm i d e ’mu l ’/ t u / v c ’ dl aim N , \ i  ,-\ ( 1 ( 1 1 2  m u t e / I  I Sc’ ’ t l u / i l .

R o t  d i r  Ii p ~ pe ’ . ’ il  wtts 330 It/sec.

‘t he ’ I i m c t  1/ Ih i l s e c l i  t i m e ’  m i , i t a  tn -n i I ’ , ni S W i t s  t c /  d c l ’ i i i , ’  bite ’ c i  t e ’ c ’ t  5 u / i  — -

l . ’s i gn j / i t r - i l n i e ’ t c ’ m n  t in  c l i n t  i d  t o ’ L s t u i l g .  B I , t cl c ’ ehast I c  tm. ’ i n t  a u i p l e ’s W a r - -

c- s t  t m / / i t t  c u l  , l i m e d  on r! l e ’ , u n o r e d  I a m ’ n ; I on m l h u t m h u c ’ u /  t n  and tii otiie ’ti l /elef Ic -ct l t ~n u -c ’ I ,u—
I c ’ i n s h u l  ps cohen I it cid f i t ’ t he’ fir st t m n - ’ ;  l c u t u i  I h m l u u e l e ’ m c m d c ’ . I t u t r t  i e u l u i n

cl f r  t w, o, ‘ I  c v i ,  t ~- I  t c i  i i i i e l e ’ u - n u t , u i / d  h i l ~; t l ie’  c f  I e’c I c / f  1/ 1 tide ’ d c’S I ~ t/ c / u i  I. I~

i i .  N i c ’h i a u i e k , C .  I- ’ . , D m 5 1 1 - I ,  R O t O R  l’l-1P 1 ’ t )AT , - \ - ‘ t I E  \‘ER l h-’ICA I’ I O N  Oh - ’ hl h ,AD 1’ l
Rb’ ,Sh t It NSi’ A N t )  Rt )’t’l)R i ’ lkt” m ’ I<N ’,Di I ,  ( ‘ . \ I , C I i t A l ’ I t t N S , S i k o r s k y  , \ i r c r u u )  t
h )iv i s i ,u tu , I n i b i d  h ’ c’ c l u u m t t h u ’ g ic-n ~ ( ‘ ‘i P~~

’’~ 
ic / li , l ’SAAI ’IR I) l, ‘I e’.’ h/ u / Ic ’, u h E e l /dir t

7 , — ‘ ‘1 , I - S o u l  i s  I ) i n ’ -
- 

- tac it c’ , P.S. A r u t m v  ,\ i m M a l i  i t  It v Se - ; e ’,tre hi u tt icl D i ve ’ lu / l i —
s i m t l, , ih ~t i r , i t i /mv , S u i t  b , i t n u ( is , VA , M ,mv I ’ ~ 7 - ’i , A l )  1 S t ’  u ’

_  _ _  
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I c e s  l a u d  I c ’ n p e / l i Sc .  ‘P t t  hi t h e  ex c ep t  iou c/f s b , u l l c - c f ceind i b iouis  I or wh ich
- - t , m h I t i t t e r  wa s  ‘r , ’ n , c - ’ , I t  , b l u e ’  f i r s t  l i u u i ’I n i ’ ’ u i l e :  ‘ s u m s  b l u e  ~~n - d I u u , l i ’ V  t o i ’ m , I m ’ i m u m l

n -c - ‘ c / i / S e ’  e c d l ’ i h , , / m l c ’ u t b .  ‘t’ r a m i i t s  0 )  o L c ’ , m c l \  ,mo d  IS e l a s t i c  tt . ’ i s t  , m.’ i t h i  c t m , t n 1 ’, , ’n -
i t t  m r s p c ~~d , m i m d  r e ’L c i r  I i i  I , O e m  c’ , m m m u m b v z c d  c m i ,  pn~ peulsive ’ m i ce’ c i i i ’  I I  i c i e i / t n
~‘ , r r e n , ; i c l i l c m i n g  m h ~ I m r m / x L m i l a t c ’ tv  to  t l m ’ne  c , I  b l u e  i c - I  e i ’c ’ m t e c ’  ro t c ’r  ( I ’ = 2 5 it 2 ) .
S ’ i p u r c  23 I t l m i s l r u t L c n n I mc V , m n  L i l i a n  o h  n u t  t i d y  and L I ’  t i p c ’ l , i s t  i e : t w t s t
n i  di 1 i l t  ~‘ , ‘ c - t  I ’ hc j~’nt. —so .tjdjt,’,’ rt tl i c i t b  t in  c m d v u t n i ’ c ’ ru u t  I c ,  c -m h u al l um (1 . 3 .
I ’ m j O .  p u t t  results ,mre n listed be Ia ’s :

Al , h f ilunl c ’ n e t s  c :‘tI ’e ’r ie n e ’  ati i l l c r , ’u i , - ; c ’ in h u i t h  st e ’m i d v  u , t u td  re -I  u ’ e , i l —

~i i  D i o d e ’  ( i i ’  -u i m l c ’ )  1 I - ’ S c ’ d h c i W l i  tw ist tnt;  w i t b i  ioc ’ r e ’ u u s i m i p ,  l i l t
c’ i ’e’ f I u c : i  an t

I t ‘ , e  ‘: i i n u h m c ’~ [cu t r e ’ c l m m c  eS SI gu l f  i c m l i i  um dvam ie lug—b ti d e uosedc iwn

n - s h o t  i m i g .

I .  l i m e ’  I ~sc s t i f fn e s s  hm la de ’  expe - r n - m ’ u l i . ’ i ’n u i p p r a x i i n m u i l e ’ t y e / I l e - — t h u i r d  t h e n
u; t e ’ , m c h v  u m u i d  tP  L o r s i , c - m u , u l  I m - n t m e m l m n i - c m l  t i m e ’ t ’smn- , e ’ l iute ’ .

- . E e l  , ; t  i v e -  I c ’  nd u i / t W i s t  c c l  blade’ , m t  ru’duc i n g  i i i  ‘ ) ‘ u m t  Ly e hcu i i  I — h u t
twi st ujecn -eutn cs st  c u d ,’ l ld / S cdu , /W i/ e l a s t i c  t w i s t  auid r educe ’s  t I m e ’

u l n i i ’ .l L t u .m ; l c  c / h  ID e l m - t i e  t w i st .

S m u t i tut u- i ’ d- s c m  I t  s ’ ,,’ c re ’  e v i d e n t  I ron t i m e ’ U = 0.4 da t ut. ‘ t h e  cm I y 5 1 dO I I  I e u t m l t
I ’ f e :  I c~ I inc  ‘ e O n  j u m p  a d vu m r m c c ’ i u l t  in  I rami l I I . I t o  0.4 tm t I ’ i xe- c l  P 1, /u  , u i i c l

l ’ m r a s i t e ’  ,m r e ’ ,t 0 u t ’ ~ uu ‘ l O — p e n u ’ee ’uit  h I ;  m ’ cs m n c -  in t h e  II’ S t i le’ e’ ompc ’nc ’i m t  0)  t w i s t

e ’i ’ , j / c ’r L c ’l i c - el be i i . ’ e n imb i . ‘ ‘ .1 1 i d e ’ .

l i m e ’ ~~~ e- c eit l i l  p h m m s e - c i t t h e ’ I’ u , y l c ’ I r e m t e t r  d h ; m b a  a u i t i l ’ ,’ n-u ’u s  e ’ X , i I i u i I I e ’ cl . l I e ’c ’ tS  c m l

n - c r  ‘s j c l I I - t  I i’e ’ S 1 i , m I I , ‘ii m c m - i / i ’  p e r )  c/ r t i , n l e e ’ , h / l . l c Ic ’  s t r e s s , u u m i d  c d m u l t r c / I — s \ ’ s t  c i ’
L e ’ : l d s.  Sf 5 - L u  e~ 2- f . c ou t i l / i u i ’ e’s the p e r h c ’ r m u m m i ’ e c l m u u r , ’ u c t e ’r l st i c s  u / f  t I l e ’ l i / t i n
i n - u n - S  i L  , m m t  , t c l v I I , ’ , l i t  I - )  i~ I 0. u .  R e s u l t s  n , l u c ” s  t h u , m t , re ’l, u t j v c ’  t c ’ t I l e

u ,m n , e ’ l  in . - , l i m e  r e , m t ,  j u g  S t  i t  L i e n s  ,lc ’p r ,m c he ’s I’ d -n - I ormm icunc c’ t iu/e l i l i e r c ’ , m n  ing  1 1c R i C e ’

t w i s t  e / r  1 5 m m  r c i d m , mc ’ i n~~ pu t t - ;  i t, iVe cu ui im h e ’ r  i u l u p r c ’ v e ’n p e r t  c / m at / c - c - ( u t t  l e ’ , m u ; t  t t t  dim-
h o w  t i p “ , d c ’ i l  m m u m u b e r s  c / I  th i e ’ sc ’ i’c ’ Ic /n - S ) . l Ime ’ l n d ’r ’ l d / m ’ I u  i l i a c  e’ l i e ’c’t s e~ t t w i s t —

t i m i d  d a n u b e - I ’ - -  I i tc lucc ’cl n - i r s  t c i u m a l  r e’ s p c m u l s c ’  c - m n n , i t  he ’ I si t  late’d freini b l u e ’ pu’ i mt tm’ v
, m .  r , ’m h v i , t m i m  c - I  I c - i t  n ‘l ~ t Ime ’ p , m l ’u uii mc ’t e ’ n s .  A ci i r e - c t  mne ’ t us tu rc ’ i m i  b l u e ’ c t  I e ’ c’ t m; i / I
t i n - n  [c m i a l  I c n ;p e ’i t s e’ I ; , I m c i w c ’v e ’r • ,u ’ , ’ ,u m I u t b i c ’ I re/ rn c ’ ” c u i l ’ u u r  i s u i t / n  ci f  c e / n f  m a ’, im r t t —

l c ’ l / S  I mod 2 , w i L eD  d i  I I  c u -  u / u / I C- In -u b l a d e  s t it ’ f m t e s s .  E l a s t i c  t w i s t  auid -~

‘ - r I  ut nnlm , um ce ’ d,m t ,i ot I ”i u , u uu’ e’n 23  and 24 suggest th i t t b r e ’l u t t ive’ to b i t e ’ I x
si  i l l n e S s  b l u ~l~ - , tI/c’ Ii ,i se’I It/c’ l’i h u uel e’ e’xIiIf ~it n ‘u I / e ’ u f t ) r m u i t u u / c c ’  a d v t t u l , m , : e ’ liv
vi r t u e ’ 0)  i u u m ’ n u ’ , m n c ’eI IS sine twist iulg . FIgure ’ 25  p r - e m i t s  t u / r q ’u e  e, m c h  —

I c ’ I ’ it i l _ ut a f r o m  t . h / c  I Si ’ 1, 0 , 1 1 ’ s  , u n ;  Li I i m u I c ’ I u /ti c i  I i i i  (5  LI.’ 1 St  e’ e/ t m m p o m t & ’m / t

,\ t  e~~u ’h I i l l  c ‘ ‘ c I t  I c ’ l i n t  b I t e ’  e f f e c t  ‘ ‘ I  i n c ’ t’ c’, t n u c ’ c h  m c h v , m m i i - i u l g — l / I u t d e ’ I l u m n c ’ / u I /

t c e ’ j n . t it / c l  r a t  u i - - i t  h n g— b l t c l c ’ t i m ’ n - c - c h . i w m i  t w i s t  i n  t m ’ , ’ , ’ m  i D l e ’ . A I m — j ’ e m e c ’nb
I / e n - I  ‘ n l u l u u i t e ’ c ’ h a u i c ’ t  i t i s  s h u u t w m i  i t  a b l a d e h o u i d  l i t 5  e ’l  t ) .  1( 1 . ‘t On  m ’ .’ n u m j l t  i s

it  , i c ; u ’ . ’ e ’ i n i c ’ m m t  w i t h  pre ’d t c t  l i t m u s  i l l ’ t h e’ t w i s t  r e ’ q u u i r e ’ ch f o r  n m i t / i m u t l l r n  I / r u / I  i t e -
d 1 t ’0 5 t c i ’  ~ c me ’ d e s e - r i  beet i - m i t  I e r

_ _ _  — — ‘~~~~~~~ ~- -.____
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i - ’ , i r  d ue’  i mnt ~~I ste ’d n m - , i c l c ’ I  b i , i e l , ’ n - ; , i t  i s  I i k e t . v t h u  b i t e ’  ‘i - n t  ‘ m o u u i m e  c ’
c ; , t i m l  w~is u t u _ c _ s e l l t c / I  u t c m n c - e h i i m m ’ l u  r e I n - c i t  i l m n n , — h h u i d e ’ t w i s t  i’ l l  l u e ’r I h u m  I / u / S e / f l u

u t e h y u u i m c ’ i 1/ g — b  I mci  e’ iw  [si  . I m i c ’ n - c ,  u s e d  I c  I i ’ d ’ , i t  i .m i t ’ , hi 1 t ide ’  l ’ s  i n ,  t r i  ‘ e I u u ’ c ’s I i p  ‘ m  , u  I
, u um d I l l

_
c / h  i h e ’ cl i’ s: t ai’ eh mic by  s I t u  t h u m p  , m h r  h c m , i c h n I c ’ l u i b e i u t t ’ d s t u b  h u t / s .  t i c  m ’e’ , t s l f l ’,:

m , i ’ c , i i / c ’ i l l u ’ — b t , i d e ’  u l c m s e ’ m i t m  t w i s t  fc ’m t h e n  i m u m t ’ s ’ i s t. e’d r i / C u r wo c i l d  h i t ’ e n ,  c e ’ , t i c !

h l / , ’ I ’ c ’ i o -  p l O / I  i le t  c l r t m g  t c i r u ] m m c ’ rc ’ q u m r e - m l m e ’I / I S .  ‘I ’ I m i s  e l  I c a t  lii,i ’c u , : , c ~~~~~

‘aIi m I t , m L  n m c ’ s l c  I n c , i  Ic  m c ! ’ ,  m i m e  i n ’,; L i p i ’ I , m c l i  m m i m n i h / e ’ r s

C t i u i t  n -u i  L’ uuh m i l d  h l . u u d e ’ s tr e s s  d a t , m  W e ’u - e ’ e ’x u u m m m i u m c d  h_ c u , m , - u t t  i f  v iass
e ’t ’ l’ c ’c t s c m h ’ e ’ h u m n ; l ic t w i m u t  in - u p . c \ h . t ho iig h t h _ l i e ’ c l i i  I e ’re ’ u i t  e ’O n I  1 - i t ’  d i i S I S  ‘ n i l e - r i —
e’oc ’ c’d saiii c ’ w h t u t L  d i f ’ f e r c ’n t  c c m u i t r o l  i o u t d s , I tem d i r e c t  e’t I c u b s  c i i  u n ’ m n i t n  I l in e , ’
su c h  as me -b  m ’e ’ , m t  i t i g— h I u c h i ’ ~~ m i t  u i v c / l el u t m l c c , ’ c u t m i l c l  ‘c dc- f h u h  u , ‘, t u m l ; l  l c l t c c f .
t i u , ; m i n e ’  ~

‘ I /  shimmW ~ t h e ’ Dci i l d m m p  w i t  hi  l i l t  cc / c ’)  f i ~ ’i ~ - m m t  o f  ‘ c - u k — l i — I ’ d - u k  m I , t c f e
i’ , ’ c ’L  t c ’r s  t e t i t , i  t lII c/t i l e ’u / t  . ‘ I ’ i m e - n ; c  d l u i t l t  l i /c ’ I cm d c  5 i~~ i I i I  i c , i I it  I I ’  tilc m Ii i e ’ m l t  C u l l n m t m , ’ m m u l m t n ,

F i n ; c u n c ’ 2 7  c’ u / l m l p i l r c ’n b l u e  V t t l ’ h d / t l s  l’ c ’ t c / n 5  i n - i  t e rm/is et l  t h e ’  -‘i l  l X e e i — c ’, V S l i l L,

c a l / I r e / I h c ’ , i d h s w I t  i c l i  c a c t i  w a c m t d  “ c u ’ie ’u - ; i t c ’ . ‘ t h e n . ’ rc ’ s m m l  I s  , u r e ’  h m u t s c ’ d l  c i l /

re ’scu l,ving 3 , ‘ c , u t i m d ‘ii’ r e / l i t lu m p  s \ ’SI  c-mum c - u / u / t r o t  lu isi ls i n t o  “ u i  n-uts mn-d m~ i I u u t e ’
I i / I ’ u ’ i .’ nu im i c t  l i le iml l e ’ tl b S .  ‘1’h i~’ fat li i’s l i m p  c m h , s c ’ r vu t t  i , u i i s  u ’u i n  h e’ niu td~ - I i’ , ’ iu u I ” i , ’ u i  -L
2 n  t i m I d  2 7 :

I .  ‘ t I m e i x St  i i ’ l ’ u/e ’ss b l u t c l e ’ p c ’I id ’ n - , i  I l v e ’ >iI ’ e’r i e ’ m n c  cc ! t I l e’  ltii:Iic ’u I

v i b r ; m t  c / n - v  1 , ‘ticd

2 .  ‘ l I e ’  e u m u n u l m e ’ ne ’d l i i  t id e’ r c ’n ; t l  I t  c- cl 11/ t h a  I ’  us0 ‘ ‘~b 4 !’  i x e ’el n , v s i  c u e  I ‘ ‘ , t c !S

a t  h i g h ( L id .

3. C~~ u~~t r ~~ i l c m a d s  u_/ I ’ the ’ — i S d e g r e e ’ l o u  S i , i u u c l  t i m e ’ I / u n s e t i l / c ’ l I i , l t ’  I,’ , i t ’

~‘ c ’ inu p m r u b  I e’

‘[h e’ r e n d u c t  i on  in  i / i g h i — f I ’ e ’ m i l i c ’i l cv  I c / I ’ ’, l o m l u u l  l n u c ’ m n n c ’ l l h 5 e’x~’c ’~ i ci l i c _ il Ii’.’ t i m . ’
h , t n m c ’ l h rte ’ b i t - id e  n-c lOt ly e ’ t u /  b l u e  3 x St I I  f u m u _ ’ss b l , uie he ’ n m _ t v  b / - h u e ’ n - c - c u l t  .0
a v e i i d i n g  i’ c’t n e ’ , m t  l u m p  l / l u t d l c ’ ei c i t b c m , m r d  s i _ m i t  t l m r e i c u g l u I t ’  t w i s t  i i i , . l i m e  m ’ e ’ n i m l  I s

I we ’ n - k  r e ipor  ten d in Re ’ I’c’r e ’u c ’ c’ 6 m e l  i c i t e ’ t h u t  t 5d m/ic re - e l i t e ’ I i c / i t  11/ I i i  p I t —

f r e q u e ’ i m c ’v b o r s i o u m a l  llId /ulie ’ i lb S m m d  t e l  be’ e x p e c t e d  m s  a d l  i’ e ’c t  m ’ c ’ n n t t  u / I b l u e ’
r e elcuec-e l  t e/ r s  I c i u m , , t l  s t  i f  f’ m i c ’sn

i D e  c / u / i ’ .’ s i g m m i f i u i m i t  c l  f e ’, ’t  c ’ I  e ’ t u i s t  I c ’ twist c/li b I , m ~i~ ’ 51 I ’ m 55 W , m n ;  h I m ,
t e ’ i i e l e ’ne v of e’ a m b e r — i m u e h u u c ’ e ’el t w i s t  i u u g  t e l  i r u c , u ~c , u u s e ~ p e s t k — t u / — p c ’ m k  i t . t t m . ’ i n ; c -
st r e s s .  D t t b u m  p r e s e i t t e - m i  in m ’ i p c i r e ’ 25 I c / n  i i i  , m c i v , u u u c e ’ m m l i i ’  c ’ I  0. i sl u , ’~ t h a t
t h~e u ue l v c tuc ’ i ug—b lad e i /c /5e ’d c /W m/ t w i to, c i f in hue ’ c m u m be ’r e ’eh h i t  t i d e ’ i l i d ’ re ’ , u n ; e - s  1 1 1/—
eh i/ wu f l a t w i t - u c’ I / e u / d i n g  in esse ’nt i , m l  l v  b l u e ’ 5 u u m l I e ’ f t t s l i i c i m  u t s  h~t I I t — h u m  i u , - i n , t

I b h e /ug h t h i s  nb  rc ’ss conmp on en  I I s  n e /b  0 p rc itm I chit I u / r  b l u e ’ m i t t  Is ’ m u - i  ccl t t i ode’l
b l a d e s , i t  seugge’sts t h a t  t h e ’ e’otit h h n , u I  ion u / f  p c / s i t  i v e ’ csu m l mh/ e ’r inch  1 . i I ’ ~~ e’

l / n m l l t — ’ i u  t w i s t  c 1ur~ re ’ s u u l t  Iu/ si g u m i { i e , m i m t  I’ h u i t w i s e ’ s t r e s s .

_ _ _ _ _ _  -~~ ‘_ ~~~~~~~ 
- -.  ~~~~~--~~~—-‘



1 N \ 1 ’ ~~~,\ [ I l m N  d i i - ’ l~— S  i i i  pg l ’ in l ’ _ ’I ’ h lc lb  l U l l i  h Iy S ’[ l ) A i .\

l i -  S e c  ‘ i t t l  S e m I  n - e ’ .m I t , ”  I ia t m  m ’ x m m , i ’ i  I i l l - - i m ; m l  i i  u c ‘ m l  c l  I a , ’ 1 5 c i t

I s l i c  n u - . i s n  i s  l i me ’ t ’ b b — ~~ I I )  d l i i i  - t e s t  c ’ v m l n t t l i / l i  e t l  s’s’c ’ p t  t i 1 m ’ ~ t i - p i t c h

l i i  R e t ’  n- i : , - ‘m ,  S\-: e ’c ’p i n - m~’ , i i  t s ‘ n - s i c / h i I u n i i m i n i e ’m i b s  b u t  t i m e  h i I , m c l c ’ d i  i~ ’ h i  i n . ’
i e ’ u I , i  1 1 0 1 i n  d i r  i , ’ , . c ! S .  I ~ i n - m i  u / n - c , c i h u , h e ’I  D i  n h - - p e e  ci c c . m ueh i t  l u / I t S

I / c / S c  d i ’~) i c i V , u i l c ’ I i i  — b , t c l d ’ 1 1 , 1 0  ui id tic/n ” , , I , ” s u m  h o - i --u t m l  m t  ‘ I n -  a - n - m i t t  b i n  ‘ e l / e n - i  I—

I v  t ’ ’ — -cm i n ,  1) _ u t ,  t ’ s . - u ’  e ’ , m l l , m l v , L i - d  I c u  ci u i , u , i i i c  t i l t ’  i ’ ’ ’ i e ’i t t l , m l  c - I  I c ’ e ’l u / I  t h i s
t~~’ u n t  n - a . ’ ’ - ti nt I,Sill i/O , ‘ n i p  I I - t n t  n - ’  t . i i n ,  - I i  - iy  m c ’ r . Re ‘ I c ’  I ‘ II, c S u_ ‘ e m i t  m u ’ , , I u - n ,

‘ l , m l n t  ‘ - r  I “cc Sc I s  ‘ ‘I  - ,,‘ , ‘; ‘I — t u j m  ‘ I , i c l c ’ m ’, ‘,,‘ I I O  l i m i t  c / I  ‘ t i n e  I [t i c ’ n l l ” W . ’ I ’ t

i d - a , i l l  ~~1 _ ’m. ’ tm c / li the ’ i l l —  dl)  - m i m i n t .  i l u ,  i i ’ , ’ ,’ l i t , t e h e’ m c i / I  h : m i , ui it’I/S

a i v ,  e~l r e ’ cl c ’Sc’ r i i ’ , , )  hi c ’ I m m’s,.

I . II— m I Ii t i d e ’ ( -‘-Ii , I - -~ ‘ i - c ’ t o - i n— - i , , :m , i d i  I
’ I c c !  ‘, , ‘u m c \  l I m i t  I , m i r t ’ c i  l i t

- I l — m u  tm m e l t ’ , l i m e / i l  m l  l a d  I - ‘ - m m i a c / n [ / a l  i t  a 0 , m 1 — c l e ’ ’,’r e ’e ’ a I ; . n st , e l l b  t L I )  - i t

t i m e ’ d — p e n - e ’ c n i b  S~ m , m m i  s l i t  te am , ,u c - u i n m ! m c ’r e ’ eh , m i m ’ l , u u  1 c ’ , m t l u c ’ , m l ’ ,l u / h  b l u e ’

~is~~im e n - c  e m i t  s~m m s  51 , i b  h m i t i ui,I ,u 2 .  / — e h c ’ m ’, t ’ .’ e i t l c ’r e ’ , m s c 11/ tiegat l y e

10- 1 st m t  i l m I l i ’ d l x i l n m , i t e  Iv l :m e ’ ‘ i ’ l ’ j ’ e’t ’ c ’ e ’u lt  Si / t i l l  n - u t  i t i c / t l .

I . l l - m b I , u d . ’ ~— h : + c h u m c ’cs h o i s t , m t i c i c h i l ’ j e ’eI N , \ i ’ . \ 00 11 , m i r t u ’ i l l .

I i ’  , I) l i d , - ‘s h i l l  t i l e ’ nRe ’ e ’ ,’ l i , c’ t u l l l h i c ’ I ’  t i m i d  h L ~~J t w f s t  ( l Iu t d i I he ’ l l  ic/I/ S u / f

c.~u m c i ; d m r , m  I I c l i i  —

‘ , I I —  ‘ c—u Im 1 i d e ’ , t:m~i ,I I I  m c c l  b e t  h m l c ’ I lIeu ,’ b l u e ’  e , t t l m i l i c , l ~ t i / e l  -ui , d i m ’ cii e u /ti I i g i j i’ , d —

I h c ’ l i S  -
/ m u d  ‘5 , I / m i t \,‘m th u tim e ’ St , u u l c l u m n - d l  hl — ’ m 4 to ’ l SI (— h - u  i l c ’ p n e ’ e ’s )

‘ il l i I vs i s  ‘ I  I l / c ’ cP U , u  - ‘ 1 , 11,,; 1 m i t  I ll  mel d it lc i n bet m i l l  h e  i i ’  m i  c d  h e ’ i u a i  I a l i i i
c m  I S C /hi p c - u - I  e m r m : m , m u n c ’ e’ , uii d n i l  h O e ’ li ii I e ’ve’mJ Im y  u -c’ 1 l i v  i ou;  , t d v , t i m e  i m / 5  D l  i d e ’

‘ i ’ .1 t v i - r ’ , n . - n c  c , Il/c - s w e p t  t i p  h / a d  l’ c ’i m c ’f i e ’i u i l  a e r cm c ’i u t n t  i e  e f f e c ts .

‘t ry  ~
‘ ,/l/ n - I ’ c m i  — n y s t e u m u  I c / O h S u m m u d  I s l u i c l a  I I ‘ I  1,- i n - c  l ’c ’n el i n ;  S I r c ’n s c ’n ;  S i n -c’

n- . I ’ m , - , .1 , I ~‘ i uu u , u n- ~‘ soci n - ce’ at  ‘,‘ l b r u i t  ci n - n ’  1 .1 i ll, ’ I i - m e ’  i’/ e ’I/dl 105 llie iluie ’O in s  ,t I /e l  lm I me l  e ’

i- I s~ I m , ~ n t ’ ’ ’, c u l t S i . s L lie ’ t e ’ileI c .’ m / e V  f c . n  t h e ’ h i  p c m l ’ the ’ , m c l v , u i m c  lu / p  Ii  h ide ’ be ’
- c i nch c m/a l , i n - I m  i c i t  t I n ’ S  e’ - i d i s e ’S b i l l  d u - t i  l c m , u ls  t c /  c r c ’ , i t e ’ i I u u r g d ’  u mc ,se ’ul m\s’im

10 i - u i , n m ,  I l l ’  ‘ In c ’S I . l iv  c , m i  u s  i l l S  t I/ c ’ ii i ’ m ’ . - i t  l y e ’ 1 i i  I u t t  in lie ’ I i i  u / f  I b i d ’ t i c i v u t n e  h i / n ’

- ic t u /  , c e  I h e ’ l l  l O c I  t i m e , e ’ l ast  Ic ’ ,t x  I s  c ’t  t h ic ’ I Il l /u i I d  1/ l u t c l e s e c t  i u / m i n ,  , b i te ’

- ‘ se p t  t t p  Sc ’ r / ,’e’5 C i i  n - c’ I I eVe ’ t I l e ’  ltd/S c ’ ,1 ,‘W l l  t w I s t  i l / 5  IIIOfl1C1’t t . 1cm t I / c ’ el c ’5 n - c u  -

m l  t h i S  n m - i l i u m _
I i c / I l It t t o m  n u l  l i p  tt icilll e ’i/ t  oi/tC.’i u i  s I h t e ’ t t d l \ ’ , t I t c ’ I t/ p  h Ut c h , ’ ,

clown l u ’ , i e l  i i l p  , i t  t i m e ’ 1) i - u  rc ’du eo,’d , tu t i d  b u t ’  t t uo n’ I Sc ’ Iii c / i l /c t / I , i n r e d u c e d .

b I n , ’  fl/ttst ~ i i~ 11 i f  I c u u n t  n c ’ e l I I , ’ i i d in i n  t w i s t  i lip l1/ c/ ll le ’ I t b  Was tl ec ’ ct t t i l )  I i sh ied

w i L t  t i m , - h i ’ c s ’ — t w i m u t  s o c - i t t  I [ p on b l u e  h I — ) - ’u l’t t t t c l c’ ( c ’c m n f i m ’ , c t r ,t t, h i /mi  5 ) .  F i gu r e s
‘~~) t t t i e l  10 c c / m i / a n - u ’ h , m s e ’ I  l i / c’ n u t  s w e p t  — t i p p e t s l t r c m c h  i ’ m - m cI  t inc  l / l s t m ’ n - l e ’n fo r

l I e ’ t o w—  jOel l t i g hi - —’i ’s ’i n t  i I , i d e ’ s  t u b  a I ‘ ‘ l i — - d i m ’ I , ,n t 2 , il e ) l ) — l I m ~~l i I ’ t f t  i p h i t
ou ch i t I c m i  . h ’ i - u t ; n m  I u m , u b  diii ‘f t hu ,-n ~’ cha t , m  c i l i a ’  n - u t  I l i m ’  I c i t  I i i ’ s - I t ip c’ s/c  I i t s  i u s / n :

I .  II  l p l u  h winu t t m ; g n i v . i i  c’s , m i h v u t m i c ’ l i m e — I ’  l u t c l e’ l l i l n u c ’c l u m ’ s I I  i ’s ’i st  l i / i n  I l u c / t i t c t / b 5

4 
1:1 p c u t ’ .’ - ;  2 c m  - m )  mmcl 3 0 ( , u ) ) .

2 , \ , I , I  il/p t i p c o c c i ’  w i b h u i t t t  i n c ’r c ’ a n ’ i l u p  C ip  t W m s h  W,iS e l f  e’e ’b  i ve’ I I I
r , ’c t i m u ’ I t u g , m i l ~ ’ i l l . ’ Iti fi hi h i d e’ mm ,t st- d u ,wu u t l l c /m l l e ’ I t t  ( I - ’ i m ; m u n - e ’s ii ) _ t )  u t umu l
11 1 ( e ) ) .
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3. Re t - , t ly e  be ’ l i m e ’ I i n c  b I ~ u c te~ , e c i h u l  I , ‘ m t i  , u i  l o u i s  1 - m d  - t  . h t i i  i t , - ;

S i50  i i  i c  c u t  I i -  t ’ c - d u ~~e ’ a c ’ n t r c ’ h  l e ’ , i e l , ;  ( 1 : 1 / 1 , 1  c n ,  l d i ( , m )  , u u u , i  ( D l  lit,!

I I I ( , u )  m d  ( b ) )  . [ h i t s  5 , 1 5  ~~~i , ‘ i , m I ’ l v  b . ,  , c m m n - c  t i m e ’ ,t d y u i i u c  t u g — u ’ ! . u , t e
t i , i 5 c ’ e l ,  O I L  IL , ‘ t i : c ’ i i t  j u t  r e m d n ,  c c l  Dv b l u e  m i t c i e ’ , i n t i ’ u l  1 1 1 /  I i ,  51 - m i d  t i p

i t  u - u e ~ e , un i i a n -  . t h / I t r a x i l m t u b c ’ I ’, c , u m m e c l  c c !  b i l e  m i e t s e e l l i  l i m u ’ h b , c  I i i  i , i t t ’ O

, l u m u  c ci  l ’ \  t h e ’’,,,’ l I t  L i p .

e t i u t h u c  II— u - ,  b I , m c l c  , tb .  c c t h l m l l l t l , I i  I c / I t  u I  - ‘ s m  I~ I j ;m ,S u n i t  , u  e

I l l  c / i l  , ‘ m u t  I ’ a , m u ’ ch c~ l t l u c 5 , 5 — l m c ’I ’ ac ’ i i t  n - , i d h u n t  : ~~‘ ‘  i t  i i i  , i t t , ’,, cI ,t

5 i p i l l l  u , ‘ , u l l  t n - e d u i c  L 01/ 11/ b i t e  i i -  p h i — t  I , u p i c  U. \ ‘ m u  - c l i  ‘U cc  , t , l s  n i ’ t c , , ,  I 1
, i t t r i b e u b e d  t o  s t u l l i  I l u t h e r .  l i d s  / I h e e l  0- - u s  u n - , ’ n ’ I s i p m i i l  I c , m m u b
i e ’n- b l u e ’ l c ”,s ’ — L ’ , s I S I  ~‘n s w u ’ p L  t i p  ( c d / l i t  m c i i i  , t ’  t c i i i  ‘I , ( b ’ t p - m l u

(Ii ) , (c )  ) . P uu i o r b  u m i a t  e I v  , m l  m s  I / u _ m b  a h e  i i  ‘ s u e t  lien - t h u us iaj ’n i a—

m e nt  r c ’ s t u l t s  I m ’ a i n i  ~t v c / i d i I i u n  s t a l l  t c m - u i p l i  ac ’ei j i l i , m u m b  t ’,, h n u t  t u g  c / I

b lie r e t  r c u m t  I m i~ 1) h u i c l e ’ , or  i r am i u i m p  n - , ’\ , -.1 cl- c ’ il,liIL I a St ~m 1 1 c n i l ’ - , ’ i c n- —

i n 5 t i c s  c / i  t h e ’ SC h I l t ’ ) r c ’ l , u t i v c ’ b e ,  t h e  b t m s c ’ i m n u ,  N,
’
m t

’
, \  1 ) 1 1 1 1  , i t i ’ i , ’ I I

1’he~ c’f ’ f e a t  c i i  S w e e p —  i I / e l U c ’ e’d 1 , 1st  d i l l  I I , t t l s  i n c  St l ’ an t s ls’ ,iS e X , l l l d u i t d  d .
‘[he ’ a e l d i t i u i n  c m l  h o w — t c . ’ i n t  S\s ’ c ’ l m t  t i ps e , i m i s c e l  ,5 i , ’ , i I l l u ~’ I ’ . ci tu c I l u l l / S  I S  I i , , t 5 l se

S t r e s s  [a c / I l l [pumrtul l u l l  S l’ c t S u S  ce / o f ’ j p t m t , u t  m c ’ n  U .  h i g h l y  i w j s t , c c l  s’s. ‘I
t i ps ( a c a / f i n a i r t i t  i c i u t s  I t i m t d  ‘-i S n - c ’ S / i i t , ’ d i  i l l  stoa t h e r  s~~ i ass i’ . e l t u c t i c / m i , I n
t l i e ’ n-, e a m i d ’s , b l u e ’ l I m e n - c a s e’ i m i  bu i I t —  [i t  I. H’ t ‘-,‘. i n - u t u u t i ~l I i ,  , l ~ !cl i t  l i l t i i I’ ,’:- ’

bi l l e u l l I l h e ’r t i ’ l l , !  1 c ’ i l / h / u / s c ’ I l / c ’ n - e ’ d t i c ’t  i c/ Il I l l  u t d v , m m i , ’ I ll); [ m l  , I u I u ’ 1 0 1  St I h t c l d u ,  c c i

by tI le ’  t i . p  Sls’ c ’ e ’ J ’  . F i gu r e ’ 31 a d / I m i p u t r e ’nu t h e  I m u u  I l e t u p  ‘us’ I t  hi a 1 i’ St’ u ’ e’el s / t  I . , I  .1,’

s t re ss tu b e’ n - j t l c ’i t l h I , m c h c  S t ti t l c / h l 5  l o t ’ I l l ,  I t i n - c e  i l i u n u n — I l s ’ l s t  lidS -u l ’ l , m , l e - - .
I ’ m —  be) 20— p e ’ t ’ as ’i ~ t S t r ess i ’ e’ u l u c t  i c / n h - u  t n - i ’ ~i c i u  i c ’ \ , ’ c l w i t h  t U e  “Is c i  I t , ’i, m ‘,.L h i ,t

t i p .  Fun- titer St  r e ’ss u-e ’ du i e t  I , ’l t S  ‘ s e n - c’ I m r e ’i/ , hl i  Iv  m u l l  m c l i  I c  v c ’ eh i / e ’ c , i m u i - c - 1 : - me
h i g h  b e / i S  ion  s t i t  t ’ uei s~ ~i i  the ’ ii—S :+ I i i , u e l e ’ n :  l i e n- i t s  e~1l l \’ ,i 5 l t i , , h  e ’ I , m s i  U
e i m i t w i s t i u / g  c f  b i te ’  , m e i v , m u t c ’ l o i n  lm h,td u ’. ‘li i i n - e p i c ’s ill S i c ’s i / I  , m I  I u s . I u p
dc ’’s’tu Ic t uiel , tuicl , mctv t imte ’ hug DI tide ’ hc’mt ct l Ion ului’mc’m / t , i n - e ’ , C l u c ’t ’ c I c i t e ’ , t / , / I  s i  I h i  j —
I i c u i l i t  iv c ’li u i ip e’d . Rc’du ee ’ch t u t u - s  i c / i t  St il  t m / e n s  we l t  c i  I d ’ e x i l e ,  l c d  t e l  u t I l e / I

t hi i s  aspec t c m f  sW e ’pt — t  1 1/ l lc ’ I I , i ’,’ h e ’ u ’ .

t ; t m I o rb  u t / t u b e ’ Lv , S\. c ’ i / h  — t  P n - c i t e / n- l c / i ’ w , u  u _
cl I 1 I 5 1. 1 pe ’r f u / r m n a u l c - e , l , m  - I c ‘ m u  1 . 1

i / c i t  he ’ , m m u , u I  y u’: c ’ ul i / c a n i n e ’ c / I  i I / t c ’ t t l i i t t e n t  t i i , t l  u i / c t  i u U I S  c i t  t h e ’  i c ’ t i ’t  t

‘u ’ , s i t  t 1115 5’,’S b can . I w u ,m I , m Vu 1  n - a im I i ’ c - f  I c ’ u ’ t 5 c i i  C ip  s/s e - c l ’  c / u )  I’ ’ - I ’ l~ a t n - I -, m c  m I ’ m

u t u / t  i c  i p u u t ~~’~h . I” i r n t  , t h e ’ nils ’ e ’ j i t  I i p F e ’ I I c ’ \ ’ e ’s u m e l v , m i u c  l u / p — I / i , i J ~~’ . I n , t p  c u t ’ . .  i

m, ;e ’u i e e ’ l/c ’ l t i t l t i c - s .  ise ’ i ’ cmn cl , I u n -  , m b t , u c l c i / b  n u l  I i c  l e n t  l v  r c - dl m l c c ’dl  I m n - nd i , ’ i i , u I

i - i t  i i f l / e n d s , SIn- . d l l  i t / p  blue t i l l  se’ts ti ll ,t I m ’ , ’ c l l m i c k  Ilmc ’ eI i , I i u  S i l l  m , i n  i c i t  u l l ’ h \ c  5 1 i

i ou ;  t e s  c / I  ~t t  I , u ~’k b e t w t i r c h n - u u n c ’ r o. l ’I te ’ ne - c ’ .I I c m i ’  . m  i uie ’c l u , n i  u s m u n  Is- I t  d i m  c i t  t v c ’ s

tt dv t t i i c  i~u g h 1 ~uel e’ a t mg i c - n i  c ’ f  a t  t , u c k  I a S e t ’ ’  u t n e h  l u / c ’ l ’ c ’ , m n u e ’ n m  n c ’ t  i ’ , . u i t o g — l i  I

t w i s t  0, _ t n  e’ ’ . ’ i eh ei uib t t’ oltt I t i c ’ c u i i eu , t h , t t i c i t t s u ’ i  l d I c ’ , i l  r d / l u l l ’ t m / p l c ’ c / I t i , l , i c  I’
ut  t s e~~~~i u e ’ch c a n -  I I c t ’

‘ t b ’ c u l l / i l l / I I i t ’ . ’  ~i h  b l u e ’ N c ’r t n , i  1 M , ’ , I e ’n h i t  m d c , , \ d ’ l  ‘ ‘a I i n t l  1 C , \ i i , i  I v  u i - u  I
Itt oehe’ I ing t he’ e l I  c c ’ t s  i t  t 1 p swe’e’ p 0’ , i n  c ’ X . t l l l  t o d d  l i v  m u ’ I I  . ‘ l i t  I i i m  t c ’ ’  t u t u !

. u i i , u t v t  i c  I ’ e ’ n u m i l t n  I’c t r  t w o  Cb h - ’ tiI ) I I  I ’ , I ut c ’ cto u l l t  l a t i n .  [l i e ’  c ’a t m’ c ’ l , t t  j u i t t  e ’I

eu / l it r c t l — h t , u m c h  in ch t m I . t d c ’~’ n t t  u -c nn c h , t t u t  ‘s ,t s  e ’ X , t t t i I h u u ’ul I ~‘ i  : ; t . t t t c h u t m ’ ch I I —  ‘ ‘i h l , m c l , ’n
, nt e l  t u n -  h u ~ s’ — t W l s t  sw. ’ p t — t  i p I I —  i i  l m I , i , I c ’s w h i c h  S i c , .  m~~i t t i l I v  u ’ c ’,h muc d d i  c i~ I l t I  ‘ 1



L em a d s  and blade ’ n - t I  re’ss (eorJ ig u r a t  ieu n s  1 and 5) . in general  , t h e  treutds

~~ t he  t C st  d,ita ‘ s e n - c ’  reliabl y pred i d:t e ’d. Figures 32 atid 33 illustrat e
iumc asur e d  and c i  i a  m i l  , t t c ’ ei c f  fccnts of tip sweep on tine h istories m m f  pushirod
load and t Iatw !’-ue stress, test and ztiial yt ic data arc shown on s e p a ra t e ’
p l a I t -n Ia  illu strutte tile trends r i ’ n i m t t i t t g  from the addition of tip swe-e l ) .
i ’ u i n - u l c ’n-od l c m , t c h  d a t a  n ’ i l l c ’ W i /  itt Figure 32 d c r i m c m n s t r a t e  that thte analysis predict s
t i m e  t c ’n ,lciucv c i t sweep to reduce both iF and Itigt’u frequency torsional
res ponse. P c c a k — t o — p e’u u k loads a r e  sli gh t l y  underpredicted for each blade- .
Blade  f L i t w i n e ’  s t r c ’ss results shown in F igure  33 i n d i c a t e  t h a t  a p p r c m x i —
i i u u i t e l v  c o r r e c t  pe rcen tage  reduct ions  in blade s t ress  resulting from sweep
are p r c c l i e ’ted with the blade response analysis. The magnitude of the tip—
down bending in t h e  t i n - c U t  of ~ ‘ = 180 degrees is overpredic ted  fo r  bo th
b lades.  Th is nu ay be t i l e ’ r e su l t  of not  including th re en -—dime ns io i la l  f l ow
c’t ’fect s  in t h e  c a l c u l a t i o n  of a i rloads .  The bu i ldup  w i t h  airspeed of
pushi r o d l m i u u d i - i  and blade stress is presented in Fi gure 34. Again , the
t r ends shown by t h e  t e s t  d at a  a r e acc ur a te ly descr ibed . The pred ic ted
u f f e c t  of  t ip  SW e ’e’j ) on r e q u i r e d  power was a savin ,;s of a p p r o x i m a t e l y  5
p e ’u - a e ”c I  n - e l  i t  ive tc /  t h u ,  un swept  base l ine  blade ( c o n f i g u r a t i o n  3) at the ’
l S i I — k u t ’ m t  , -‘,I , ( l t h O — l b  t l i gh t  condi t  ion . This pe r fo rmance  improvement  r esu l ted
primarily f n- n inc r,- ,t n-m e - d n - m ’ t n - e’ ,u t  ing blade twis t  which  served to avoid
St a 1 1.
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A ’ ’ , l , i ’ ,- \ I ’ I ’ ’\  ml b ’ ’ t m ~dl~J, ! , i ~~ i R(i h ’ (lR h JI’d~ l i ’N btAR,\~t l  , l - .R,’

1 1 1 c c _ u p _ m b  i 1 j t v  ett ’ h I  tel ,Ie ’i-. i i i  1 m _ I I ’ , t l n - c ’ I c I I ‘ ‘ I  1’ l’m m c h m i C  i l /p  e l m - i i c  t ,“ 1 , 1

‘s ’ m u i a l i  i t i u p u - i i ’.’e ’n.’ l i e  n - h  u r n n t , i t t ,  a and r e t l d u c e ’s f t  1 ‘ u t  l u i u t , l s  ‘.515 e i - u , m l i c t  l i e d  w i t , ’ ’ l i e’

N i ’ r t n i _ m i ~l u m e l e - s h i l , m e l e -  ,\c ’ i ’ i ’ e ’ l , u s t i c  ‘u m i i l y s j ’ -i .  i~~- , I ’ ,c, ’ ,, t n - I c ’ v t — m u  l e u I / 5  I m /  r . i  ~‘n -—
c - I / c c ’ r i to r  h l t i c l e  p r e m p e r t  h - i’s ‘ s e n - c ’  l t i ’ .’ c ” , i g - t i  , I i t  I ’ , , , ’ f l  i , ’ I m i  ‘ ‘ i ’ l 1 d ~ j t j c ’ I l S  i i ’

b l u e ’ v i , :  i n i tv  c i i ’ t h e n  st a l l  h m e / U I l d , u m ” ,’ , m u i , h  in i t e m ,’ , r t b  C- 1 !, ‘ = I i . 10. l i i i ’  L i,” ’
fmi n - i s’ ,mn - e f— t’ l ighit conditio uts were’ I I  I ) .  I m I l d  P 1 / - U , I i ) , u , ’ h u i e ’ h t  a c i n - n -ec - - u l i c i l u c l a

C c l  1 311 k l lo t s  and 23 , 230 lb c i t  l i f t . .,tn d  ~ = 0 . .  and I l / c l = 11.515 ’ , , ‘s’l , i c ’ t i

e c / r rc s p cmi ’u ds  t o  172 kruot s  auld 1, 9 , 7 50 l b  c m l  l i t  t .  I h i h s  ‘-le t c / f  i i  i ’ c, h i t
c’Ofleh i t  I c l i t S  W t t S  c c / i / S  idered bum e ’ I I s l i u - c  b l u n t  d ump l u , t i l b  m I e n ,  t i l l  , , m i m m i l , ! , u t i -s i, u - c
ef I c a t l y e ’  av e r  ui r e - t i ,1 i s t i c  eip e ’r t t t i u / g  r , i i i , ’ . [hue’ pr i i n m t u r v  • t , l~ ’ I m O ’ , n  5 ‘s’u I n ~ em

ti c ’ l / l c ’vi l l p c ’ l t m s l ,  i a  t w i s t  s iunil~m r  t o  r h u t  m n - c  ~ , I m b e ’ ul c - m u - I  U r f i r  i’ , . m x i m m z m
L ,” t 5 1 1. In o r d e r  to  i f l e ’ r c ’ ,u s uu’  thci  r el i , u h i i l t t ’ - . c m l  e’, i tit r o l — lc m tm d - m d  b i - u m i e ’—
st u’ e’sS p re - cl l et  lout s  , u n s t e u u d v  a e r c i d y i t u u u i i id -s and l t d / u / C u l l  i f c  n -n :: l I t !  h~’’u- 5. - m e  ‘ c m . ’ ci

t h u r c m g h io u t  . It  ‘ s u m  recognized that the- ‘ ‘p t  i m a  1 1w h i-m b ~t ut d 1 l ie ’  m m ’ . i t  tide’ d i t

t i le  p e r  f a r mamie’ e’ b e l i e ’ [it s  pred  I e t e d  wit hi (;kh~ ~i t i d  at  e - u i c h v  m e  n - , ’d t ’  u - ml i i  1, s 0 -  ‘ u  l e t
not  u i c ’c e s sa r i  l v  be± c /p t  ima l , assum ing u t i S t  c - t i d y - m a r e ) d v u i t i m i a s .  ‘[l ie ’  h i , ua I c
t r e n d s  we ’ n - c ’ e’x p d ’ e t ed to a p p ly  . R e du e  t I c i t / s i n  I l ie ’  h i  me l .’ - p , n - c - - u n ,  , c - e m , t, n - ,  I
loads and v i b r u ,i t o t ’ v h teu l )  I e m r e ’e s m l  t ie’ b u s t _ i Ifle’ t a t _ c u r  is e’ I ~

- , l , l i - i m i  s t m m i m ; i u t .
‘l ’I’ue pt -i r t t n / e t r i c  d a t a  in - cnn - C u s e d  111 t i l e ’ f i u ’ i a 1 ~c ’ h e ’d I u / i l  e m f  camp I h - a n t  l o t  ‘ - I ’

ehc ’si gns c le ’n ’ m ’ i ’ I h ed  ill t h e ’  I 1St  ‘-ic ’ e ’ t h u m l /  c i ! b l u e -  I c  a r t

R / t o r s  iflc ’e)r p(/ u’ t t t  it’tp, e~ t ch of  t Ime ’  p t u m ’. n c - t n - i , :  u h i u t u i i ; u  - -, ‘ s c - n - ,, - t n - i  “n- m i t  u l

t h e  l i f t , p r o p u l s i v e  h ’o raen , and h e tt d  mot/ leints  c l i  b e ’ i e ’ i  c - i c - t I e d -  n - a l  n - .  As
n o ted  above , n d / in t l / l I d / n - r n  il/flow was used d e ’ i i S I s t  e - t i t  I ‘,‘ . I m u  c i i  i t t - i t  f l i t :  ,i

h i  t ide d c ’ S  igu change , [t c ’r at  ion he tween  t I m e  b I ade’ n - c  a l / m i i l H c ’ uilct i l / I t m / s

t i m / a  l yse ’s wa s found  to  he e’n scnt  ial . B I tull e i,ii i g i l  a l l ~ i I l u I e ’S ‘sm ’ I’, I i i ’ n , t

i l i u m  I yzed , i s s u t n i n g  t h e  m l ’ l o w  d i n t r i h u t  ic/n m f  t h e  h,ue ,c Lit/c’ n - ’ ’ t  ,~ r . ‘ l ’ h u e ’
i u ’uf t o w  was  t h e n  n-c ,- c ’ t t le’t t l a t e ’d  w i t h  t i m e -  I’ re ’s c r i l m c  ii R’ , u k m ’ lul l I c e , ’ A u i , m i v s m s
based on preidicte ’d cot/trol t-~ng Ie’’~ , f l a p p i n g ,  and t c m n - S i , m i l , m  I m ’ , ’ s l m , ’ i i , - , c - . T h e -t i

b i t e  b I t c h e r c - u ; p d / I / n c ’  a n al ys i s  was r e p e - t u t e d  u s i ng  t b i ~ ’ e ’ , t i ’ n - c ’ e ’ t , c’ d j u l  ‘‘s .

h ’ x j i e ’ r i c ’ m u c c  i n d i a u m t e ’d t h t t t t f i r s t  — p t u s s  r e su l t s  ( c ’ u t f l t p l  i , l i / t de ’ s i ’ s m u  in  i l t u n e , ’l  i t l c

r d m t c / r  il/ I
’ low) e’ould give i n c o r r t _’ct  b~~’ r f o r n t t u n , - c ’  ti nd u-~ ’ t , , n - -  I i  s uc h I u i ’t ~~l ‘si  - ‘ ‘ m m

b ase’l m e n  and e’ ct l t / p litint rotors exh i h f t c d  s i gn i i  I c a n t  Iv c l i  f t  c - n - c - l i t  b ‘n - s  i m m  ~a I

n-c’s p am /se- .

‘ I m c -  t ci I l o w i ng  set of p a r a n t e - t e ’ n- s wa s  ,tcl cl i i  ‘- - ‘

I. ‘li p nu d e- h )

2 . Ct um h e’ r

3 , h l l u i d . ’  e-h o r d w i s c ’ , t e - u - c m d v u / a m i e’ u ’ e ’t i b e ’u -  • e’ I ti ‘ 1 1.’ ix i n , t u m , l  , m ’l/ t t I — c / f —

p r u t v i t  V p t / s  i i  h d / l /

-5 .  ‘1 c m — n  l m ’ n u m h  st  i f  l m m ’ss

5. ‘twi st

S i f  P t i l l /C ’  r

/ . iii i c / I k Iuu. - i i ,  m l i i ’ m m m u u p  I j u g

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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i ’ l’ c ’j ’m c ’ I ’ t l e n - , we’re e ’ h i u t i i gc ’d s i t i g i v  t i u i d  i i i  u ’ u i~n n h i u o , m t  l c m t ’ u .  \~‘ , m r i a t  i v a n  iii blue ’
: i u u t g n i t u i e l e s  and r a d i a l  d i n t r i b u t , i s is  c l  bh i c p~m u -~t I t t e ’ t m ’ r n -  w i - r u -  c ’ n - n , m i u i h i m e ’ u ! .  In
dmI ’ele ’n- t e l C ,  c l m m c ’ e’ t I l e  t / l i l l i h e ’ t ’ c / I ’ c l e - S i g u l  e ’ , t S c ’S I c ’  a iii i m i , t t .- , m h i l t _’ l e v e l , c ’xp l o n - —
: m t c i r y  n; t ueh j c’s w e ’r e ’  first e ’ m m n du c ’t e ’d w h i l e -Il j , t l c ’ u t t  U l c d  t i / c ’ I t / a n - - I  s i g n i f i m - t m u i t
e’ f

’
t e e ’t S  ,,i ui d c n f ’ l t u e ~d t h e ’  m c m l  e ’ i t b i t , t h  l a i d ’ u / f  e m ,  11 i / I  t I m e ’  p . m  u - , m : ! i c t  e n - S  I t t  e m i l / t n - i —

h i u t  i t ’Ig t c m  j i ! e t t h Lc u n - S lOu/ ,mI r e s h u l / l i s t ’ . Re ’ s t t l t  n i n d j c ’ t u t  c d t b / a t  t he,’ u n - a l t / e t c - u - n ,
I is te ’et , ib u v d’  e c ’u ’Id be d i v i d e d  j u / b d /  t h ose ’ w h i c h  i n - c ’ S i m O n - c e ’ S  of  I c i cudin g ,
I l m c m s e  ‘u~’ h m i c I ’ u n u o d u l a t c u  tile i i i u u g i i i t u d e’ c m l  I l u -  ste’ad’c Itt/el t i l n e— e- ’ t u r \ ’ i n i’ twist ,
t itiel t hose  w h u i c , - h i  I m u i ve  no S i t ’ u i l f l  t i n t  c t  I c - c I u / i ’  ~‘ c m n u p l  i - t F i t n - c - sp ou s e .  ‘ l i p
su e - c -p .  e ’t ,umb e ’ r , , u u i e h  c / I  I s e t  c / I  thue’ , m c - l ’ i u e h \ ’ u / , m u l m t i  c’t ’t/ t c t I u~, m n - m  t he ’  e ’ t , u n t  f m  ; t x i s
‘s e ’l’ e- f ou t l d  to  he ’ the I n / i / n - i t c c / i . e - n - i  oil SuIU n - c i t  c / f compi i t u n t  i c i t u d i n g .  ‘l or s i o l /a l
st i f f u t a ’ s s  g c m v e ’ n - i / e’d t i l e ’  l i m a g n i t u d e  u i n d  r , m d i u i l d i s t  n - i h t i~ i n  c m l  e’ l , u s t  Ic
re ns p cm u/se ’ . ‘[ hue ’  p r i l i m t r v  r o l e ’  0 1 b u i l t — i n  t w i  n - I  in- m s 1 c m p e r m i t  , i d h t ,u s t m e ’u i t s  to
t l i e ’ s te ’ , uc lv  e l u i s t  i c ’ t w i s t  wbm i ch r e ’ su l  t e c h  I re/nm ceimp i i a n t  load  l u / p .  h ’d”pl n r a —
I m t _ i ’  c - ut  l c : L u  l i t  I c / i / S  s i m m u w e ’cl t h i u i t  f ’ r  t i m e ’ I I  i g l i t  e u / u / C h i t  i c ,u n s  e ’x tmm i n ed , t i p
tapen r titid rcmot k i ne m t t t  ie :  c e iu p l  ing of t’ c’ n - u ’ dh l i t  t Ic ’ h i - l i e - f it in terms c/ f
u - e d u c e d  f 1 ig hi t  I mi ~ t c l ,s or  i n - i l ’  n - u m v e i d  pe ’ r f e u n - m t i t m c ’ c ’ . h” u r t h i c ’r d e t a i l e d  ana l  vs is

c / h  t i t e ’se ’ t O m ’  1m , m n - , m t e e t e n - s  w , u s  h u b  c a m / d u c t  c ’ i l .  ‘I l i e  m n - m m e ’ e’ ss u / I ’ s e l e c t  ing
c ’imt mi p i i , l l/ t r c ) t i m r  t d m i ’ n t h i l u l , i h  S t  i f t ’ nc ’ss  i s  ~l i s c ’ i m s s e ’d hm e ’ l ’w , f m i l i m mwe ’cl by e ’ x u t I h l i r , L I —

I ‘ t i  o f ’ e ’ i i m h t h l  I i , m u : t  eleshgu/s buise ’c !  c/n e ’~~Ch oh ’ the ’ t h r e e ’ l o t i d i m t g  nu e e ’ h / a n i s r n S — —
tm elw-r , ti ll n-i W e ’ e ’l ) , and c f f ’ se ’ t , m t  b l a d e ’ h i f t  ,tnd e’las t  i c  u i x e ’s .

1 m I P S  ( t N - m i .  S i t  l ” h ” N l - I S S

i t was ,‘vlde m it from t h e  a n a l y si s  of It/ode I auid f u l l — s c a l e  r c u t / r  e la s t
t w i a b  d a t a  t h a t  r e d u c e d  t i m u - i m i o n n i  St i f fn e s s  is n - e’q l u i re’d to  t u c h  l e ’Vt _’ t h e
I ’ m  11 bene, ’f  i Is c u t ’ c o m m u p  i i t i m / e n d ’ . R a t l t e r  t I t a n  ann - i l  vze  v~tr i at ions c/ f  t he  u / f _ h e r

‘ .i n- ,l In e ’t ers  hold  iu i g  t h e  t o r s i o n a l  s t i f f n e s s  of t h e  b a s e l i n e’ , l eve l s  of
St  i t  f t / e n s  r e d u c t i o n  wh i c :h i  f a c i l i t a t e  ach l iev ing  idea l  n - m / t m m r  t w i s t  ing were
f i r s t  est i nu a b e d . V a r i a b  ions to t h e  o t h e r  h i  ade p a r a m e ter s  were ’ t het~ mad e’ ,
i l s s i t m i u i g  ren duced t c m r s i o n a i  s t i f f n e s s .  ‘[he amount  of s ti  f fnc ’s s  r educ t  i on
r t ’ qu  i n - c it to  ,- ,t c i t  ieve ’  spec i f  ied response a m p l i t t u d c ’n depend s on t h e  St t e’n g t h t
u / f  I lie Ce/rt/p l in-tnt lot/cling . Large lift offset or camber , fu r examp le , call
i t l t l c ia c ’ s i g n i f i ca u / t  n - a s h / u n c l e :  c-yen on a stiff bluiehe ’ , and v i c e  v e n - s t u .  ‘l’Iie ’

~t p p r e m ~irh  adopted  i n  t h e ’  p r e sen t  s t t uc l v was t i m  app l y mm i gut  i f  j  e’ tut i t COfl/ l/ I i  , t I /

I u m u t e l i ng L u ’  , t  b I tide ’ of memd e ’ r t i t e ’ I  v re ’d mt c ’ e’eh t o n - s  i a na l  St if  11 /  c’ss . ‘rit e a l t  c r —
nat  ive  etm f its tug  a w e a k e r  lem ac h ing  t n e c h , u l /  i Sm and a y e ’  u -v soft I) I tu ch c ’  has
p o t e n t  i t i l  l v  tund e ’s  i r t t t m  I c  side ’  e l  [e m ’ t n , s u c h ,is c o u p l i n g  u / f  b or s i  c/Il ,l l l ei

I i r s L  f I i f _ w i s e ’  heuid i u t g  mcm el es  , p r o x i m i ty  e)f t I / c ’  t o r s i o n  mode to  2P au/ el 3I~
r i - s m / n t o u t ’ c-s , and h u e  rctise’d su Sc ’ e’pt l b  i [ i t ’s  tem t h u e  t r a c k  and h a l  aui c c ’ P r , m b l  ems
wh i c h  re s u l t  fri/tn hlt te h c’—t o—h ]ti d c ’ d iffc’rc’nc’es in a i r f o i l  c c / i / t h u r .  A re - t i l-

l - c t  I c ’ e ’n , t i f l ’s t t c ’  c m l  t h i e  l i e x i b i l  i t v  neede ’d f o r  i c t c ’ , t l  l/ e ’r fo rm au / ce  t w i s t i n g
wu ls  mn -ide asseum lu g  a I i’p i cal 1 c/Itch i Fig nec -h a n  ism , n - u 20 — e lc ’gre ’e ’ sWe’l/ I t ii) I I I

b l u e ’  S O — i / c r c - c - n b  span  st u l t  i on . T h u  is l e i t u d  n ip m e c ’ h t l l /  i sru  was  used I n  e’st ‘ f l i , * i  lug

I I e ’:-: i h i  I i  t v  t’ e’qu iri’n u s’mit S b i d - c a u s e ’  it is ci f e e t  in / c -  in 1m rodulc ing th u ii’
I , i t t ’ r t t  I e m m m n p o n e r i t  of t i 1m t w i s t  f c m e u u / d  t ci ime ’ u i e ’ e e ’ i i s t t u - v  t c i r  m a x i n u t u m  I , / i / 1 1 .
h ’ i u t t iI i ’ 35 c ’o u l m p i t r e ’S t i n ’  I t t t  ( ‘ l i i  compc/ u e ’n t  c i f  ‘ I , i n u l  i t  t w i s t  I cur  h i t c h e s  c m l

v - t u - v  l i t m: I i m m ’ : u i u m m t t u l  n - m t  i f l  t i t ’ : ; s  ‘s it u bite ’  i m t c ’ , u l  n - c i t  or  r e q u i u - c ’ t h m c ’ u l t  at  11 /  u t c l ’ u ’ , t m i m ’ e’
1- n - i t  i u /  c m l 0 . 5  and C t / i  e’q u i a l  i i ’ 0 .085 . R e s u l t s  n u i m u ’ w  t bu t t  de’ e ’ n - c ’ u i n - m i t ig ou t  —

h / / i n - m i  l~ i , i m h m ’ S t i f t u h m ’ n u ’ t  ( G . i )  l i i ’  . 1  t t i e t m u r m / I  I l v i ’  , u u i c l  t i m  u-~ ’ m n - , t u g ri /u t
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b u ’ n - s i e m u ’t , il stiffness (K,,) results in elastic deflection of approximately
e u / n - n - c e n t n- i mp l  it u d e .  V ar y ing  the radial extent of th ue so1tened Se -c t  1011 for
,u given app lied load ing  can bei used to achieve better agreement between
,tct ut ,m h and desired twisting at specified spanwise locatie,ns. Stifft ue’ ss
reductions of four or five to one over the  o u t e r  20 , 40 , and 50 l m e ’rCefl t of
blade ’  span t I r e ’  used in t h e  f o l l o w i n g  desi gn cases as i n d i c t u t e d .

CAMBE R

Camber Is a part/meter having a very powerful effect on t o r s i o n a l
l. e ’ sp c / n se .  Th e’ b a s e l i ne  r o t o r  employs an SC 1095 airfoil for wh -u i c h  the
I)ele )W—Sttill pitci liug moment coefficient , Cm ,  is — .025 .  The e f f e c t s  of
v a r / - h i p  t h i s  coeffie :ient from — .025 to +.03 ‘mere’ examined by shifting the
sc 1095 p i t c h i l / g— m om e n t  da t a  b y a u n i f o r m  t i l n i u ’u l / t , i n d e p e n d e n t  of t i n g l e  of
ttttack tine! ~‘lach number. Airfoil lift and drag data were assumed unchanged .
‘l’his airfoil representation may be somewhat unrealistic , but it allows
id en t i f i c a t i o n  o f t he significant effects of camber wit hout requiring a
detailed a irfoil design stud’s. For an tinstalled condition , magnitudes of
local p itching memments induced by camber follow dynamic pressure. As a
result , there ,in-e strong steady and 1P moments and secondary amoutlts of dP
mm/ui/cult . ‘Fl/c lP moment can be such as to t w i s t  a d v a n c i n g  blades n oseup  or
u losedown , de pend ing  upon bite sign of Cm .  Based on p e r f o r m a n c e  g a i n s  and

b l a d e — s t r e s s  r e d u c t i o n s  a n t i c i p a t e d  f o r  n duseup  a d v a n c i n g — b l a d e  tw i s t ,
p o s i t i v e  v a l u e s  of Cm wen re  ex t ens ive ly  s tud ied . l b  should also be u/O te ’ d

t h a t  t h t e  i n c r ea se  w i t h  a i rspeed of the lP l a t e r a l  tw i s t  p r e s c r i b e d  f e m r
In t l i n t ai n i n g  maxintum L/QD (F i gure 21) is c o m pt u t i b l e ’ w i t h  a f i x e d  p o s i t i ve
v a l u e  of Cm .

Var i ous m a g n i teu d e s  and r a d i a l  d i s t r i b u t i o n s  of Cm were exam ined Ic/n-

cemmbina tions  of torsion stiffness and built—in twist. In get’ueral , m /epu ut ivc ’

camber  (+cm )  had a strongly beneficial effect on f’latwise stress but a

d e t r i m e n t a l  e f f e c t  on p e r f o r m a n c e .  The r e su l t s  of a r e p r e s e n tu u t i v e  I / c / S e n t ’
p i t c h i n g  nuoment c :t tse  are shown in Figures 36 t i / rough 40. Figures 36
t h r o u g h 38 p re sen t  s u r f a c e  p lo ts of te)rs iOflal  response , an gle of n - t b  t h i c k ,
and a i rload  d i s t r i b u t i o n .  D i s t r i b u t i o n s  are  si/own at an advance  r a b i c /  oh
0 . 4  n-md CL/U equa l te) 0.085 for the b a s ei i u/ e  r o t o r  and f o r  a r o t o r  e m p l u m v m n g
cm = +.03 over the entire blade. Th is large posit ive’ value at cm IS

s t u d i e d  to indic ’t t b e  t h e  trends of performance and ro to r  loads  w i t h  e’amher .
A c :i t i e v i n g  such a l a rge  e f f e c t i v e ’  camber would require substantial trailing—
ed ge t a b s  w h i c h  wou l .d , of c u m u r se , i/av e si g n i f  i cuin t  ef f e a t s  on n - t i  r f o i  I I I t’ t
n - i n ch d r ag . The ccmmp l ia n t d e s i g n  has t he  b u i l t — i l l  t w i s t  emf t h e  b a se l in e ’
r u t  or  (—12  degrees )  n-Old a t o rn  iont i  1 s t i f f n e s s  w h u i e : h i  , r e l a t i v e  f_ cm t he  base ’—
l i n e , is  reduced I)y a f a c t o r  m f  I ive ’ h / U t  b oard  c/f  t lie 60—p c ’re - c ’l/ I  sp tt /
s t u b  ic /n . In t h i s  d u d e ’ , b l u e ’ e l  t t st  I c ’ t w i s t  i l ldUC ed  h m y  a pd ms i t  iVc’ cm
I t i c ’ I ude ’s it s i gn i f  l e an t  s t  c ’n - i d y c o m p o nen t  ( - + 4 .  1 0)  and n -i l ar ge  I P  e’OmI )it l t e ’l l t
( 7 .  ‘1°)  , p hased to inc rc’asc’ . idvanc i t /g —b I ach e’ p i t  c l i .  II i gh/ er  hlarmoll  l e r e ’ sp c m n s m - s
wit  I c - l i  , m r e  ut I so , pr c’se’Iit  re’ s u I t  I rum s f _ n - i l l  on b i te  ret  re t i  t i uig 1)1 ade tn ud
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b r a t / sonic  f l o w  e l f  e a t s  W il ichi  c r c - t u b e  ‘ d m 5  i t  ive Cm In th le ’  f i r s t  q u a d r a n t .
Compar i son  of t h e  s u r f a c e  p l o t s  c i i  t i ng le ’  of attack (F’lpure 37) and a i r l e / t u d
(F i gure  18) show t h a t  p o s i t i v e  C m in c o m b i n a t  ion w i t h  r e d u c e d  t o r m m i e m n u u l

st  j f t ’t t e ’n-i s has t h e  gene ra l  e’f f e ’c t o f sh l f b ing  l o a d i n g  o u t b o a r d .  Four
sp e ’cif  i c  o b s e r vat  ioru s c t n  he m a d e :

1. Advanc in g — b l a d e ’  l i f t  is e :a r r i ed  on o u t b o a r d  i-~ec  t l u m n s  of t h e
b i n - i d e .

2 . N e g a t i v e  t i p  l i f t  In f _ l i e ’ se ac / i / d  q u a d r a n t  is e l i n m i n n - i t e d .

3. Rc,’t r e a t i n g — b i u t d e  t i p  ang le  cml a t t a c k  and loading  t ire  inc reased .

4 . Si g n i f i c a n t  l i f t  is c n , u n - r i e d  in the ’ r e g i o n  ~ 340 d egrees  to
60 de~’g re ’e’s ti n a r e s u l t  of I e m ej l  1/O SCUP e l a s t i c  t w i s t .

T u e  ~~f [e c t  em f t h i s  r e d i s t r i b u t i o n  of load ing  on performance is
i l l u s t r a t e d  in Fi g u r e n  39. Az in iu t t i a l  c o n t r i h u t  lot/ S te) b lade  t o rque  f o r
haseliule  and p e / si t i v e  Cm blades  arc ’  compared . Torque  is  b roken  i n t o  a

c ou i t r i h eu t ion r e s u l t i n g  f rom b l a d e :  c l e m e n t  p r o f i l e  d r a g  and a c o n t r i b u t i o n
r e - S u i t i n g  f r om b l ad e ’ elemen t l i l t  ( induce ’d d rag  and par -u -- i  ite ’  d r a g )  . Th is
b m r c ’t ikdown i d e n t i f i e s  the  success  w i t h  w h i c h  p n - c i f  I i c  d r ag  to rque ’  is d r i v e n
to f _ l i e  m i m i  imum t h r o u g h ideal  tw I st  .111g. As sI/ &/wn in 1” i p u r e - 3 9 ( a )  , l a r ge’
i l / a  n-ease ’s  in d r a g  t o r q u e  are ’ eXp er  I e ’ui ced b y f _ h u e  p o s i t  lye Cm b l ade .
R e l e r e u l c e  to  F i g u r e  36 (a )  indicate’s  t h a t  th en - - i c ’  l o sses  n - e s n - m t t p r i m a r i l y
f rom t h e  h i g her  h a r m o n i c s  of C- l u / s t  ic t w m st  induced b y ne g a t i v e  amimb er .
\ i m n e i m (i t e m r s i o n a l  o s c ih la t  ions l u ’u e l u ae d  b y re t r e u t t  i l / p — h i / d c  s t a l l  r e s u l t  iii
l a rg e ’ b ’r qu -c  p e n n -t i t l e ’s (

~ 
= 24 1)  e tc - g r e en , 300 cl e ’~~re ’e ’s , and 20 d e g u - e c’s)

( l u , m i t  r [hu t  ing L i ’  f _ l i e n  r e t  n - c u l t  tu g—hi - i d e ’  s f _ n - i  L i  n - S  t h e ’  I ic b t h a t  w i t h  m / c ’ p , i t  lye
, u i : m h c ’n -  t h e  t/e ’t hub  moment r e s u l t  ing f r o m  bI  t u e i e — r c c mt P 1 t c i t i u l g n i ’ n u c ’ u i t  S is

posit in / c (,ti r c r , m f t  nos eeup)  . T h i s  n/ ome ’l/ t  m u s t  I/c h u u i : i n c e d  h r  t i m e  r e u i s i u l g
i l  n - l o a d  i t~g d i v e r  t h e  af  t p c m r t i on  c / f  t he  ro tor  d i s c .  In t h i s  case , the
required i l i e u- e a s e  in f o u r t h i — q u m i d r a r / t icmuud ing d r i v e ’s t I/c ’ r o t m m r  i n t c /  s f _ t i l l .
In t l i i  s e lse ’ (c m = +.  0 3)  , a d v an c i n g — b  I , m c l & ’  d r a g  t c / r q u e  is a i so  i t cr i ’t ised
si  i - l i t . l v  as a r e s u l t  of e x c e s s i ve  advancing—b in-ide u /d / s eup  t w i s t , W i / i e ’ h /  I ) i t l a e ’ s
tiehv t i/c ’ ag—h Ltut e ti p tingles c ml ’ I t t  t ick above’ t h e  mit t  imum d r a g  t i ~ p I . For
smn-i 11c r amounts  c m l  n e g a t i v e  camber tine ! IP tw i s t  , t id vanc  m g—b Ln - t u l e’ t d / r q U e ’
s t v i n g s  were achieved but f_tic e f f e c t  eml / t c u t a l  d r a g  t o r q u e  was s f _ i l l
ou t  ,t v cm r a b l e ~. The e f f e c t  of camber  on f_ l ie  sum umf induced mind N/ruts it e’
I or q u e  i n  shown in Figure’ 39(b) . P e n t u i  t h en  n-i r e’ m d  i a t t t e d  at f _ l ie ’  ~~ i m u t h i
p u m S it ions  where additional l , i f t  r e su l  f_ s f ron t  t / ( / 5 C UI )  t W i s t  i i i ~ : . S e - c o t / e l ’-

c i t i le 1 r n - l i / b  power sn -tv ings app mi ren t I v rest! it I rum i ndu ( ’e’d ~)oWe’
l’ i-~ , i  V i u i g s

, t c ’ l u  I e y e d  l m ’ c’ e :arry ing lift a t d /ut h e /ard b lade’ sf _ n - it id /us wh e re’ i u i l l  ow , t l / ~ , h e n
,i l ’ e’ sitm utlht- r

‘ t h e  n -c-el i n - i t r i b e u t  t O l l  oh  , i i u ’ I c / d d s  sh i o w ut  , t l i u m v e ’ t i n - n h  n - i  n / m u - V  I , t v / m n - I b m l e ’
I e ’e t oil b i n - i d e t i n - i f _ w i s e ’  s t re s s  u n - u i l i t i s t  r t i t c ’e i  u n  h’ i gurc ’ - t O .  Se’ c ’ c / l i d — ’

u h u l t i d r a n t  , u i r l m m , t c l n - u  [ c u r  f _ t i c ’  l u , t ~~m ’ l  in c  r o b o t  in - c ’  p i m S U ,  lye ’ ou t  t o  t t h / I / u - u i x i m i i t  c ’ l V
‘ t i ) _ j m i  t c e ’ t l t  r u i d i u , s , and i t t - i t t  ive u t  t l i t ’ t i p .  T h i s  e h i - i t r i h t u t  I m m t ~ i n n - e l f _ u

t i n - g m  m ’ m -n u h i i / I i ~ u c’ m l  f _ l i e ’  f i r - u I  t i L i e h e ’  h e u e t i i u g  ltt d )dt ’ . ‘t he m u / s i t  ( ‘ i’ m ’ c ’ 1, lm h . t i b c -

I I )
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u -c’el tic ’e’s i u i he /n - i rd  t i p l o n - i d i u g  ti t id c t  j nliltu ,t t e ’ n - t I, i p d u m w u t h ’ , u d  i n g .  A n ~ n - i n - u - s u I t
sc ’u ’ o r / d — q u u t I d  rn - i l / b  h m u ’ u i d  i t ig  md/me - m i t S ,i t a  si gn i f  u -ant lv re ’d u c ’e’d . in  t h u is u ’ttn u , ’
jm e ’~ik— b c/— pe ’n-u k b e n d i n g  i i i c / l l t e ’I l t  s were’ re-d un’ ed i m y  u ‘

~ m m - r e  c i i  t

F i g u r e’ -‘+ 1  pre ’se’uts  t h e  v , t r ij t  i c / i t  u / f  b l u i d e ’ v i b r u t t m ’ u - y  s t  u - c - s n  and t m i m w e ’ n -
I c / I ’  a t’ , u i l ~ ’ e ’ m i t  c’1~ ut t i m e ’ g = 0.4 , C 1!’ = 0. 085 1’ 1 ighit c ’oumd it l i m i t  . Dab ut

a n - c ’ sh t c m w m i  f o r  f_ lie ’ rc ’fu - u - u ’ l/e : e’ re/ I i/I ’ t t l / d  1 c / r  a r e / f _ i ’ m - b i n - i d e  h i n - t v i u g  u / n d — f  I I f _ h i
t b m e ’  b c i n - s i o i t t i l S f _ I t  l i ic ’ss of L i m e ’  u e ’ l c ’n - c ’ u te : e n - c / f _ c m ! ’  c ’ u i t t m i m a n - d  of t h e  t m i } —  ‘~‘n - u cu t
u- tel in - i l st  it Iot/ . F i gure ’  +1 ( n - i )  s l ic mwm-m I list f_ h u e lltdependc ll t c - I  f e c ’ t i i ! ’ n - i ‘ cl i me jag
t c / r S i O i h t i s t i f f  i /a s s  w h i l e  hu e .i i d i u / g  t h e  SC 11)95 can tber  is f _ e u  1 1 / c u - m I s c ’ s f _ u - c - - n , .
l ’ h u e  i l /de ’pend el/ t ~- f f e c t of i n e ’r e ’u i s i u l p  cm is f_em re’due:e St u - e’ss. h’e/wc’r dat ,t

i n - c ’  n -d ie/W It in h i g e i r c ’ 41 (b )  . Ilie-retises in e’1~n- , f o r  t h m c ’  r e d u c e d  s t i f f  i i e ’SS

b l a d e’ I i r s t  ini~m r c i y c ’  :tu id t l u e u u  deg rn -id c  p e r t  c m i  n - n - u , , , i ’  c’ . Al  t l u e m u g h  a m p h  I t u d e’s cml

i P  l t t t e r a  I t w i s t  ing a p p r o x  i t tua t e  l v  e ’qema i t o  t i i , ’ n n - e  p re ’scr  i l m e d  I u m r  max i a / m i n i
l~/Q 1) a re  ae nhi ieved I u ’r  C m Lt l f_ l i e  range ’ [r u / r n  + .01 5 t im + .  ( I  ~u , t o t  n - il  p u m w e r  I s

tl m t  r educed be low  t h t i t  of f_ l i e  l ) , u n ; e - i i l / e  b l a d e ’ le / r  t w o  u-e ’aSor/ S : t i n - n u t
u unehc -s .i r t t h l e  h i ghe r  h t t r t i a m t i i c s  m m f  p i t c h l  r c ’spu i t / s e  n - i re ’ e x c i t e d ; S e - e u / l i d , t h e
m t  r o duc’t ion of p o s i t  ivc p i t  c- lun g  m o m e n t  r e - d u e-es I l i t ’  , : i u u g l u  i t  m u d  a c u t ’ t hi t ’
s t e a d y  m i e g t t  t ly e  t w i s t  . 11/ o rde r  t i m  c re’ate  a c’ l c m s c - r  n / t u b  c l i  b e t ts ’ m -en ,tc  t l i d !

n-/n d idea l  s teady  tw i s t  , i u / c r c ’ u t n u c’s in b u i l t  — l i t  tw i - - u t  w e r e  c ’x p h a r e -i l  I u m r

~)O5 it ive Cm h i  n-ide’s. R e s u u l  ts  she/wt/ in F i g u r e  4 2  (n-i ) i l /d  m c u t  c ’ I t i n -u t i t / c  u - i ’ u t s  i n ’ , :

b u i l t — i n  t w i s t  du es  r e d u c e ’ h m o w e r  r e’qu i r e nle n t s  , a l t h t e m u g l i  m i u / f _  h e ’ l u m w  t h u a t
a l  f _ h ue b a s e l i m i e ,’ . Th’i e in e v i t a b l e  e , ’f l’ c’at  c ml i u l c n r c ’ , l sed  h u i  I f _ — i l l  tw i n - u t  i n - ,

to  increase  maxi nmu nu  b l a d e s t r e s s  ( F i g u r e  4 2 ( b ) ) .

T I P  S W E E P

Ch1 —5 31) be - s t  d a ta  t r i a l  v ze d  e ’ , t r l  ic ’ n- ir/d icat~ cid f_ lie ’ l m u m t  c m / b  i,u l u m f  i, i p
sw e e p f d / r  re ’di u c i n g  h c m f _ li h i  aet e ’ s tr e -55 and co n t r e m l loads .  A i ’ u u n / ’ e m r , u hi h e
c _ f  I e’c’t u / f  sweep on p e r f d / r m a u l c e  was also p r e d i c t e d  w i t h  b i t e ’ Ne ’ i ’ t i i , i l  M c m ehc ~~
B i n - id e Ac ’ re /c ’  l a s t  I C  Re st / c / I / s e ’ A n aj y s  i s .  l ’ h u e ’  el n -u s t  ic t w i s t  i u d i m u ’ e ’cI bm v f_ u p
swe ep  is p r o p o r t i o t / a l  f _ cm t i p n -u i r l o t i d  . As suci/ , a S t  c - t i d y nm mS c ’ ch ,/e ~’ mm t w i s t
and a 1P t w i s t  wh ie’ it t ends  f_ em be t / i / s e u h m  u / l i  t lie n adv n - ine ’  lug b l ade ’  t o uch n c ’sc ’—
d own on the  r e t r e a t  hn g  b In - ide’ are f _ t i e pr i u mi ary c’ h n - u r a c ’t u e r i n - - u t i a n - ;  c l  b l u e ’
response’ . ‘ri p sweep on a b l ade  of s m u f f i c  i c - m i t  i v  r e d u c e d  f _ u / i ’ s j um ll , l 1 nu t 1 f f  m n - i n - n
can he e x p e c t e d  to act  tn n - i f e e d b t u c ’ k t u e -d un - in  m m  wI t  i e’h/ d r  i ye ’s , t c h v , t i / a  i i i , ’ —

b i n - id e  t i p io n-id ing , t n/p hd .’ of t u b  b u u c k , n - inch d r a g  t i m  mi n irne um \‘ ,t I m i d ’ s

Tu e f i r s t  u i r e ’ n - t  of in f _ e r e ’s t  in e ’xn -im iil lng sweep w , t n - - u t o  dc-f i n c  t h e ’

opt  ima 1 c’ombinaf_ ion c/f  f_ lie aug  1 e’ and t- ;p n -i flw In c  p cm s i t  i c / t i  c / i  I l ie ’ SWe ’c 1 m ~ 11 cm 1 hi

he CH— 531) n -m d YUh1—60A b laden  emp I c m v 2( 1 degre’e’s c m l  swc ’ c ’p u t  the ’ ~~ / l / d ’ I c c i i i

r n - i d lus p d / s i t  i oii . Ref  e’ r ene ’e 6 re’por t s out f_ c - s t  n--u c / h  0 c ’d m m p  I i - t i l t  m u  c t  c l  r u / I  i i I

wh ich h u n - i d 10 de ’grc ’e s elf  t i P SWeep Sb i n - b  in -k g n - i t  f _ h u e  Ii / —  / c ’ r u ’ e t / f _  sp n - i u t  n u t  n - i t  i c~lt

A n , i lv s i s  wn -us c o n d u c t e d  at ,uu i  , i e ! y n - t u i c ’ m ’ n - n - i f _ j u /  c m l  O . ”i t u l / th  i t / m i c’q n. t i m ( ( . U S ’ m

[ cu r  h i  aele ’s h u av i l /g  10 and 20 ute’p n - m i ’s C) I sw e e p tub time ’ i m i ) _ ~p&~r e~e~u i I - ‘ t t b  l u / i l

tu lle! or 1mm - id es hun - t y ing 10 d e g r e e-s cut u w c ’ u ’ l m  u i b 80— ,t~ eh 7 1 i _ j m i  I c c - m i t  u - i d  ji m - . A
h l , i c lc ’  e’mp l c m v i n g  t l u c ’  h t t n - i c ’ l i u t c ’ t w i n - u t d i s t r i t / u m I  ion n - in ch , i  t u ’ I n ’- i i / l t , i l  sI ~l I l u m ’ s n ;

4 r& ’elu c’e d l i v  t f a c ’ t u n -  u u f  I ( y e ’ u m u t h u m , i r c h  u / f  t m O — p c ’ i ’ u i ’ t i t  t ’ t i u h / n - I h 
~

/ m ’5 i t  i t / t i  W in- u

c u r t  u-u i d e ’  red . ‘ I I P r e -p  i t / I l  , h e y  i h / ,s’ ‘ui , ‘ m ’ l i t  C l  ‘ i  g I’ - ii ’ I I  \ ‘ wt i s  i n. Sullie d1 i / hm u ’

I i
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maintained at th en- elastic axis. E f f e ’c :t s of v u r y i n g  t l i e ’  u t u i g  en e > f n - ,we d’ Ii ut

the  9 0 — p e r c e n t  r ad ius  posit ion n - ire ’  shown in l” i p u re  -‘u i .  l i u e n - c~t si ng  sw m ’ e l m
has favorable effects on performance , maximum bin -ide S t n - c s S  and v i h u r , u t c i r v
pushrod load . A sli gh t l y  adverse effect emil 4P h u b  m m / m i n t s  is j u t d i e , u t c ’ c l
by an increase in 3P r o t a t i n g  sys tem vertical shear h i n t’s. C o r r e s p o n d i m i p
e f f e c t s  of va ry ing the  posit  ion n - ut  w h i c h  t h e sweep b e g  l u / s  I o r  a i i  Xc ’dh

sweep ang le ar e shown in F igure  4 4 .  Moving  the m sweep cemcmrdinate - iut hme m ard
f r o m  90— t o 80—percen t  rad ius  has a slig h t ly h e - n - t e l  i c i al  e f f e c t  cm p c- ri cur—
mance , but adverse effects on blade stress , contrem l loads , n-tad vibration.
Converged r esu l t s  could not be ob ta ined  f o r  blade ’s h a v i n g  10 eh e ’ p n - c ’ c ’ s  o h
sweep at 70—percen t  radius. Ext reme ly large r e - t r e a t i n g — b i n - i d e  m / c ’ g a f _ i v e ’
tw i s t i ng  prevented the achievement of a trimmed condition with this desigtl .
Based on these data , n-,u 20—degree swept tip at f_ hue O.9R station is the me/st
promising cand ida te.

‘ l’he means by which  t i p sweep r e l i c-vt ’s  power r e q u i r e m rn e n t s  is i l l u s t r a t e d
in Fi gures  45 and 46. Fi gure  45 compares  c o n t r i b u t i o n s  to d rag  f _ c / n - m I n e ’  f o r
the straight and 20—degree swept—ti p bin-ides shown in Figure 43. h ’he
unswep t  blade s u f f e r s  s i g n i f i c a n t  a dv a n c i m/ g  b l ,u u i c drag t o r q u e  p eu l a it i . es.
it should be p oimte ’d o u t  t h a t  f _ h u e  v e r s ion  of t h e  Normal  Modes Blade ’ Ac r e —
e l a s t i c  Response Anal y s i s  be ing  used does nob  account  fo r  the  r e l i e v i n g
e f f e c t  of sweep on d rag  d iver ge’ m i e e ’ . Drag t c m r q u e  r e d u c t i o n s  shown in
Figure  4 5 ( a )  are , t h e r e f o r e , a d i rec t  r e s u l t  ci i  e :ompliance .  In F i g u r e ’ i i i ,

advancing—blade angles of attack for the two case’s are  compared w i t h  t h e
angle of attack for which Cd exceeds its minimum value at the  loca l  Mach i
number  by 10 p e r c e n t .  By v i r t u r e  of d e c n - e - , i s e ’d t w i s t , thu ’ s w e p t — t i p  h la de
achieves  ang les of a t t a c k  whlich m a i n t a i n  d!rag w it I/ i n  10 b) e’rceI/t c m f  f_ l ie ’
m i n i m u m .

A num ber of combinat ions of b u i l t — i n  t w i s t  and r a d i a l  s t i f f n e s s
dis t r i b u t i o n  were  examined for  blades w i t h  20 degrees  c/f  t i p s w eep  n - u t  90—
per cent r a d i u s .  The ana lys i s  was conducted at p = 0 . 3  and CL/ mI 0 . 10 ,
and ~,u = 0 .4  and CL / mI  = 0 .085.  P e r f o r m a n c e  was genera l ly improved  over
t h a t  of t h e  r e f e r e n c e  ro tor . Rotor  e q u i v a l e n t  d rag  Wn-/ S reduced b y l’ rotn 2
to 7 p e r c e n t .  Basel ine ro to r  pusi trod loads were  reduced b y as much is 50
percen t , p r i m a r i ly as a result of r e d u c i n g  lP componen t s .  S m al l  r e d u c t i o n s
in b l a d e  s t r e s s  (less t i t a n  10 p e r c e n t )  we’re ’ ge n e r a l l y  p r e d i c t e d . Fi gu re s
47 t h r o ug h  49 i l l u s t r a t e  f_ lie  e f f e c t s  emf t i p swe’ep eun r o t o r  l e a din g  and
b lad e response. The swept—ti p complian t che ’si gn st/own , w h i c h  i n c lu d e ’s —9
degr e e’s of twist , a four—to—one stiffness re’ducti em cau thoa rd  cm l 5 0— I/ c-r d - cu /b

rad i us and an SC 1095 a i r f o il , offered n - i 7 — p c -n - cc -n t  r edue’t ion  in rc~f _ c m r
equ iva le’n t  d rag  (100 horsepower) at th is [light e’m /u/d i tion (p = 0.4 n-tad
CL / mI  = 0.085) . Fi gures  47 and 48 p r e s e n t  s u n - I n - i c e ’  P l c m f _ s  oh  aerod y n a m i c
p i t c h i n g  moment and b in - i d e ’  t o r s i o n al  response’ for  the  s w e p t— t i p c l e ’ s i p m t .
t h e ’  t i ) r n - m  t o n a l  response ’ d i n t  r i b u t  ion Inc  ludes a st ead~’ noscud mwn t w i s t  n - i nch
1P e ’ompenuent w h i c h  reduces  a d v a n c i n g — b l a d e  t w i s t  and in d ’r c ’ n - i n -c e’s re t n - en - i t  l ag—
1) i~~clc ’ t w i st . Uni  ike the  e ’ t u t s t  Ic f_ wi  st r e - s uI t  lag f r o m  r ie gn - i t  ive’ c n - i m hmc ’r
( F i g u r e  i6) , the  t w i s t  induced  b y sweep is  f r e e  of b u i g h c ’ r harmonic’  response ’s.
The 1 mm - n - i  o r m n - i n c e  s ay I n g  resu 1 ted I rum a m - i cu s c  ,n~i t cli be’ tweeul n - i ( ’ tU t i  1 m it l d
max I mum 1,/QI) t w i s t  . A l t  boug h the  swept t ip t e n d s f_ cm reduce’  st ’c’o n e l — q t i n - i d r a u i t

12

L~. 
_ _  

_ __ __ _ __ _ _
- - - - -- ‘- -‘- ~~~-- ‘-‘-- . --



I p elcuwii I u m , u e h ~ , ( I -  i p m m t ’ u ’ 49 ) , t h u is c , t m m s e ’s c m t u l v  n - u sat i l  I r ede u ct  ion in t l i e ’
cxc i t il in - / ti cml first I l,ut ~ I ,‘ue ’ rtiode’ b - ‘l/d ing in t h e se c o n d  q u n - u d r a u u  I . Cmii  i ke’
ltm ’p~~t ly e  c, iim i l me ’r I ei~ wh i c h  p c i s i t  u v e  s e c o n d — q i m u m f u - t u t  c ’ i , t s t i c  t w i s t  s I t u  t ed

u I r i c m t u d n n -  t o  b l ue t ~1) and re’d ue’ed I i i ’ sI —node ’ head i n g  (F i ’5uu-e ’s l i m —  ‘3c1 ,

ewe / l i , i c h i j e ’vc ’ ci em~~~lv a sm:m , u  h i  I ’ m - c l i m e I loll ~il tw i st re- In-it iy c ’ to t h e  n e ’ f c  r e l i c - c ’

r e / I  c m r .  As a r e - s u i t  , p e a k — i  im _ - h m c’ ik I lat wise nt n- c ’SHC ’ S  W c n - e ’ out I v  reduced b y
i l l e n - c e - l i t .

C I I t ) P i ) W  [SE l, c)Cn-\ I I  ON OF B l A D E  I ’~i,, -\Si’ I P  ‘iN IS AN !)  ,-\ l  R O D Y N A M i C  Pl - , N I  ER

~ t t r i a t  n - c / O S  I l l  b lu e re’ I.,it l e e ’ e ’ l i c m r d w i n ’ uc ’ p o s i t  O m i t s  oh , u e - r e i d ~~’ r i n - i m i e  ee ’ m m t e ’r ,

n-m iss t i m id  e l a s t i c  iN c-s we’re exaniiuuc’d . ‘I’hue ’ b h ide’ re -~ pc mnse i mm i iv sis f_ r e - a b s
n-irb it r~m u’ ’- spatuw In c  d I s t r  i bu t  icu lt s u / f  ccii te ’r—ot —g rtt ~ i t  V n - m d  n - c ’  r c m d y u t n - t m i e :
c ’e’t/f _ c ’n - pc/si t Ic / l i . ‘t h e ’  h l a d c . - c - l a s t  id: , ix i s  is ,t ssunued tem me St r i  i g h m f _  and
c c / i / C i d e ’n t  w i t h  f_ t i e ’  p i t  e l m  a x i s .  Re ’ l’ c - n - m - i m e e ’  8 eh c ’su ’ u - i l m c - s  c u t — I  i c ’n -  s t u dy  u / I
f _ tie’ elf cc’ t S cml axis p l t i e ’ c- n i t - I t t  011 pe’ n o n - m n - t u e c ’ tad h ) t n - i de  1~i , m d  s . Re sults cml

t t at  w o r k  s h i c m w c ’eh t htu i t oh I Sc ’ t O f  t h e  , ic ’ n - c m c l v n n- .i mmt i e cc - i / b t’r I r c /m  c d / i n c  i delt t
e ’ l n -,i sf_ i d  dlld mass , u x e ’ s  hun - is stror/g effects c/u tum u - sl c m u / , ul u - d - s p c m i i s e ’ . A 5
jmc reent of chuord if f_ sill I f_ c i t  t he  t i e  n - i /el ‘c l / n - i l l / i c ’ cemit en- e tu mu s e ’et a l P i , t t e r t i  I
t w i s t  i n g ,  wh i c : h w as i/ re-cl  I . c :be d to  i m p r u m v e ’  b i t e  h/e ’rf ’orlnttncc atid r e d u c e ’ t l ie
hi i g l i — f r e q u e n c y  cou lt r e i l toad s c m i  f _ l i e  C H — 5 3 m \ . Ne m hdl le ’ f i c i a l  e f f e c t s  c m l  mass
c m l  set  out p e r f e m rm a u c e ’ or r u / i c / n -  I u / , ie !s were  l’emund . S im i l a r  u n i f e i r m  sb / a t /w i s e
o f f s e t s  of b l a d e  axes  w e r e  c o ns i d e r e d  f o r  reducc’d t d / r s i c m n n - i i St i f f n c -ss
c c m p i i n - t i l t r o t o r  des igu ~s. Ne n s i g m i  i i  leant  p er f o rn in -m ce  d i r  r o t u m r — I o a d  Imencf  it  S
wi n- c f o u n d . Inn - ib i I i  t v  to  im n p r c u v e  p e r f o r n u a n c e  r e s u l t e d  in  p a r t  f r o n t  u /c i t
c e m i uc e i ’m t r n-It ~ng t w i s t  ing in f_ t i e  t i p r e g i o n , as p r e s c r i bed f o r  m i t -u l m u n t — d r a g
t u r q e m c .

‘t w i s t  ing  mol l/ents  i nduced  b y l i f t  o f f s e t  f r o m  the  e t a s t  ic  n - t x  is i r e ’
o r c mp o r t i o n a l to local  l i f t .  ‘l’ip a i rlo a d s  a r e  p r i n t - u n iv 11~. h u i b o n - i r d  h h ~~etc ’
p i m s  i t  ions , t toweve ’ r , ex per iel lce s u b s tn -i n t  ial 2P a l r l i / n - u d  c c / m p c / m i e l l t 5 iS s i t u / W t l

in F [pure ‘ mU whi [cIt presents refereulce rotor a i r l o a d  t ime’ h u i s f _ c m n -  i c ’s n - i t  t w o
11 i 2 i t e :ouieh it L u l l s .  flue ’ possi b ility of using t h i e m s e  airloads t d / i l / d u d e ’
fn-tvcm rn - ib .Le 21’ en h . ,ist i c twistiog was e’X t i i l i i l l e d .  t hus  c- I  t o r t  r e p r e s e n t s  a
de ’t /ttr bure ’ from blu e’ previous s t u d  I c ’s , 11/ w h i c h  t h e ’  p c i - t i tt,ts he’e ’uu bum rmtatc ’bt
t h e ’ rach  in -u i  d i n t  n- i b u t i c ’u t of 11’ t w i s t  p r e s c r i b e d  to n u i n i i m i i z e  f _ h u e  d r - u p  f _ c u r q u e ’
c m l  i r o t o r  h -ty ing  t h u  ax in i u t h i a l  d i s t r i b u t i o n  of I [ f t  c n - i l c u l a t e ’d  f c m r  f _ l i e ’
re ’ fe ’ r e ’t i ce -  n - i m t o n -  . The p c ) t e m u / t  in - i l p e r f o r m a n ce b e t / e l  i t s  01 ~~~~ I v  i n g  21’ eve ’ lie
p it  hi i t  t h e  h/In-id e’ n - c / c/b have ’ been d e m o n s t r a t e d  b y a I / u m b e r  of a l / n - i h v t i c a l
n - i l /ct  exp er  i un e nt a l  p r ograun s (Re ’f c ’r e ’u l cc s  3 , 4 , ( m n - m d  11)  . ‘flue ntud~’ cml 21’
e’ l ast  Ic’ p i t c h  began b y r u m i n i i u p  f_ lie bin -ide’ rc’St /cmnse n - ui tt i t y s  i s  W i  f _ l u  cite’ t i / r n  j c / l i , i  h
c h c ’ p u  c - c ’ O f  I re ’edollu r e p l a c e - cl by  n -i spec i f  i e’et d i s b r i l m u b  ion u / f  t e m r s i c u m t n - u l
r & ’ s p c ’l / s c  . h - I u u n u t  I c ’ i i t ch ing  ci i sL r ib u t e d  rod in - i t ly ill h i r e / h / c / r b  id /li I ctm t h e
t u u r s i c u u h i t mock’ sh n - t~m e ’ and - i x  i m u t h a l l v  u t  i f r c ’ q i u i -i i& ’v u t  21 ’ wu is  Imre ’sc ’ r ib e ’d
ju t t hte tmnt ti v s j s . \‘,tn - i e m us tirn p l i f_ tId e ’ s and p h i n - t s c s  u m t ’ t i j~ 2 1’ tw ist irip W c ’ u - c ’

st, ui d ied . I l l  e t c h  e , u se -  , iu i e tiue e - eh y e ’ I cmi ’ it v d u t-m t r j 1mb i c / I / s  Wc’ u-c ’ r c - c ,u t cut at d c l
t i m  c ’ n n n - c u r c ’  u t c c m m r , t t  a u u i c m e l e ’  I i u t ~ c / i i ude i cm ’c t p t ’wcr  e i  f e - c f _ s .  Rena  l b s  sh i cm wed t h i , t t
- i t  [7 2  k n o t s  n -nid  19 , 7 /1) Ii ) c / I  h i l t , 1? u t c ’p n - c ’ i ’ n-u c / f  2 1’ m ’ I , i n t  I c ’ p i t c h  p l m t s c ’ ch
t c /  jflc’n - e’ ,ts e i ’V i ’u -  b l u e t i c / s e n  u t i t c h  I i i i  (‘ f _ i l) — u i / S  2 , ’) p u t v t ’  a I / eu - f u / rm mm , t um cc’

H
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i e ’ m t ~~f i t  al  8 p e r c e n t .  Reduct  i o n s  kim r o t o r  e q u i v al en t  d rag  c m f  a p p r o x i —
:m, t le-[V 12 p c-n - cc i t t ‘,se ’u - c ’ p u - c - h i e t c ’cI ,it, 130 k n o t s  n - mIld 2 3 , 2 3 0  lb ccl iift , w iti t
n - p p  m’~’ : ,  n - c u l t  e ’ l v  I de ’g ice’ cm l )p t i p  t w i s t  . ‘ h ’ l u e ’ m i d sp an  n - t i  r i cm , u c l s  slucmwn in

I i~’, n - in - e’ i l l  au-c appr oxtmnn -itely in phase’ ~ I thl t Iul s e’last I en- twist. ‘tI me’ , te ’ rm m —
e ivu l . em i e :  ce- u / t e l ’ r n - m u s t , t h i e r e ’I c i r e , iii ’ p h , i e ’ c ’ i h  ali en-ic ! 01 t i m e ’ c i , u s t i c :  a x i s  iu t
t h i s  span i’ ,tli ,~c’ i i  c/n - dc-n - to , t c ’ l i j c n - ’ , ’en - t u e  1c ’ n - u i u ’ c’ui t w i s t  i u ig .  l i e ’S i n - ’ , i m s  w e r e
ce/ it s  h e l e n - e e l  /s’ ! m l c ’h i  e’i l i t m t c i \ ’  aen r odvnn - iu i i i c  c e ’ i i b e ’ i  s 10 , 15 , t uid 20 ‘ F c ’ e ’ i i t  cm l t i m e
c h uc m r d f c tm r w , u  I ’ d c u t  t l i~ ’ e ’ I ,u n--n - b IC  ix  is I n - n -  h u n - b  1 m i / n m  c m i  f _ t i e  n - c u ’, l i m i t  D cl n - n - a c m : ’
50— ,tii c i i c 0 _ p e i _ e~cu b  r a d i u s . W i t h i o c i t t i p s we e p .  f _ h u e  f u n -ware!  , u c ’ h c a d i ” ; i i , i r n -  i i

c e ’ i / t c ,’i’ b I n - icl e’ n--i W c ’ n - e’ n - n - m m ! )  e e L  to i i i  itl i-ttal ) 1 I i t  [ulvo lv i u i g  Coup  h ue’, u / I U l , u c l e ’
b c ’r S i e O /  and f h ,uii ~- ise hc’ttdi uig . Addit ion c m l 0 20 — c f c’p m ’ce’ swept tip ,u t tIme’
9 0 — p e r c e ’ i u i  r ad ius  s f _ n - i t t  ion p r ec l u d e d  ai t ’~’ unstable re-shim /u /Se . 21’ ti / u - s I O i i , u h

n - c  p c/ t i n e ’ W d n - i  e’t ihia n ced by dec I’ e ’ ,m n-, l i/ p  t d i n - s  i e i u i n - i i  n-m t if I m e s s  outbon-ird u i f 50—
p e r c ’ c’n t r,id [us timid n-eth ic’ l ug  cont  r i m  i s’,’st c i i i  nt i f  t ne s s .  ‘I’he uI/cd i u h )  led
t e / r S  i c / t i  mode I r e ’ m j d i e ’ t m cy  was 3 . ‘~ h’ . A den  I cii  emp b r ’  [lug I u r t h i e r st I I I n e sS

r e d u c t i o n s  wi tch p l~u ced t h e  temrs ion n - i i i u - i ’ m m m m e ’ i i c v  u t  2 .  51~ w u t s  d u O / n - n -  idcrend
b r i e - f lv , ill n-ill .uf _ L d ’ u p m t  f_ em a n t i !  f l y  2 1’ re’spcmt ls e  . l u u  th i s  c isc ’ , h m o w e v c - u
i n - u r g e — n -,imp L i t u de  11’ and 2h r c’sp e/nse’s m m m , u c h c  i t  d i f  f i e ’u I  I f_ c l  - m c l i  I eVe’ t n- i i:ii:uc - ch
a n a ly t i c  s c ’I u b i o n s .

Figures ~ I and 52 i i  [cust r a t e  t he  n - u I r l c m n - i e t s  and r c s I i u m u / n e ~ u / I  b I t i dens
i n - t y l u i p  t h e  ae ’ r o d v n a miu i c  e n-c - m u t e r  15 pe ’u ’ i ’ e ’ m m t  o f b l u e  e ’ l m c rd f c m r w t t r d  c m l ’ t h e ’
c’iast i en - .ux is , fre min 60— to 80—percent r,tcl [n - m s .  t I m e ’ e’last  Ic twist ,uc ht I c ’’,’ c’ cl
Dv thu is design is ccmmparc ’el in F iptm r e ~ t (uci to f _ hun - it of a blade Di v lag bIte
sn-uni t’ sb it fnc’ss and t i p sweep h / u t  w i t l u e m c u t f_ h /c ’  I c m r w n - i r d  n - t e r o d v n n - t n t  1 u  ce- n b c - n .
I lie ’ d ill er e l / c e’ bcb ’,~’~’e mi t h e tw~ c u r v e ’ s  ( F i gure m 5 I ( b )  ) s h i c i w s  t l ie  c l  I c ’ c ’b  I ye—
h e S S  cml t h e  I c m  r w ,u r d  u . i e n - i / e lvi/a mni c:  e e l / b  e’r l~ n - c~~f uc i l /p  2 1’ re ’sp emn se ’ . ‘t h e
n - t i n -  i c ~~ieI d i n t  r i h u t i c m u is  of  f_ lie’ f c m h ’ w , i u ’ eI , i e ’ u - u i ei \ ’ i n - , u i m i l e ’ c e n t e r  t i m i d  n -’ u u ;s’ e ’ p t— t  ~
h I , i c ie’s i u - c’ e ’ cm m m tp ar e d  j ut  F i g u r e  52 . I ut c ’ I’ i ’ , m n - ,e ’ s in I on -i d  I ng o v e r  f _ h u e ’ I n -c/ i t t c m l

t h t e n -  d I n c  u n - c  h a  l , t i m e ’ e e l  n - is f , u r  ,t S  r e / f _ o r  p t, c l i i  ng  n-tomcat  Dv i l / c  n-e ’ ,t se’s n- it
= 3 ’~ 1I de ’ pre :e’s  m it dl y = 0 d e g r e e ’s. L i f t  is dec reased  a b r u p t l y  ill bi t e ’

n - u z im u t h  rn - h uge t n -c/ nm 60 bem 120 Lhe ’ pre ’c ’s n -lu/cl g r a d u a  L i v  on t h e  ret re’ab i i~p s i d e
of  f _ h e  d i s c  - h~ t i / n- eet i,uiva ient  d rn - up  i~s u r n -  r c dcue’ed liv t i p p r ox  im i u t  c lv  5 I m c ’ri ’ d ’nb
ill bIt is c isC. As n-u r e - n i l  1 t of Li / c ’ r e -as  l i i i :  c m m m t b e m n - i r e h  n - t i n -  loads  I t - u  the ’ se :ccmnd
q e i a d r n - m n f _  I I i ts ’  se’ 51. n - e ’sS was reduced  Dv n - c p p r o x i m n n - i t e l v  20 pe rcc ’u / t  r e i n - u t  i v c ’
to bite ’ h n - i s e l  l i l t ’  r o t e / n - .  V i b r a t o r y  c o n t n - m m i  h , m a d s  we ’re i l / c reased  liv 10
pc ’ n - c’ ct / b  u n - n -  1 I ’ e ’ S m l  it  c m l  t u u m s e m u p  a d v a n c i ng— b !  , t e he  f _ w i  St i u i g  t l n - e m n t eu t t  s p roduc  ed m v
m t e ’g at  V t ’ I ip I l l  t . Some r educ t  ion in t h ese’ I l l  b —  i t i ehuce n d  c o n t r o l  lemad s C

could tie , i ch u i e v e d  in d e s i g n i ng  a c OIi tp l in -mll t r o t o r  b I m d c , liv It/OV lu/ p t u e 
-
~

lu / c u l t  c In-m t : en- n-tx is ,u I t c / f  t h e  a e r e m d y n a u n i  c cente ’ r t iu ud  p i f _ c - t i  n - t x  is , ra thue ’ r
thin -in meuv i t tg the ’ aerody namic  c e n t e r  f o r w a r d . In t h i s  w .t v  , local b end l e n - j a b  a
twi st L u g  cc / h id be induced without hin -en -in g I un - gc’ c m f f s e t s  cml f _ l i e  l i f t  n - mu ~eh
I e’n-m thit ,’r hUg OX t’S . ftc vers ion  c / f  t h e  uio n m n - t i  modes , u u u a l r ’ s is be ing used eli/ i’s -

‘

1mb mu u de ’ l c i i  m e t  c m f  l’ea t h i e u - imi g and e ’ln - i sb  i c  i N c ’s. 41’ verb i c , tl shc’,ti ’ tm / ri m ’s
,il ld  h u h t t tc / t l ie l i b s  we ’r e ’  in c r e ’ , m ’~m ’ i i  Dv h rum 10 f _ c m 80 I m e r u ’ c I/ b as ,t r e - s u i t  c i t  t h u e
l i i i  n - c - u s c - n - ;  in I’ , ‘e and ‘ m l ’  t u i r h c i n - m d  c’c/mpO l/e ltt n ’i whi [cli m ’ c ’su l b I r e / f l u  t h e ’ [ m i e n - c - u n - me ’
jO i ’i ’i e’i I ln - i to r\ ’ b l , u c h m ’ p i te ’ Iuinug mcm t limIt . ‘t he , u b t t ’ i h c m t  m ’ s  u / I  h l , t c l c ’ ni  h i , t c ’ i n g
titit h Sp tt / tme rodvuiami c u ’ e ’ ImI e’rs I ~mrw ,ird cml f_ hue’ e ’l , us t ic n - t x is w i l t  b e’ c l c ’Su r ib e eh
f c i r b h u e ’ r  in  f_ l ie ’  i o l  l e)W ili g 5 i ’ i t jolt wh ich selects bwcm c / p b  i u m m , u i  com im i i , t n u t  r c m t i m r

u l e ’s i g n s  bm ,ise ’mh on tIn’ p i r~um t’ t n c  d i n - i t _ i  pc ’m te - r t i t e ’ c h  I ’  I 1mm h / m i l l / b , t t uu e l , ‘‘,‘ , u ! t u n - i t  , s
i I I y , f i t  u ’ l i , i n - , u c ’ t  , - n - i n - - l i c ’s [ m m  l l i / / .’ c ’l ’ and t t m n c ’ i u p h u c m t u b  the ’ I t w i n - c l — i  [ g l u t  e m l \ ’ ( I c m I m e ’ .
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S h i l u ’ !  I c P ~ I l l ”  0 l m ’ l ’ t~~L \ h  ( ‘ IP ’l b ’ t , l , \ N ’ l ’  I-D) ’I ’OR t ) I - :S

‘a i 1 m I in - m t elm ’s i g m i s  hn-ise’d u / t i  thin - c-c I u m , n - ’ l  1 m m - ’ , i icc ’c h i n - u m m  i n - l l m s — — c , t n - m I m c ’u -  , t i p
S n-,’ , ’ , p. t i m ! n u i d s p n - m n  , m c ’ n - m m e l v n ; i n i j c  c m ’ m m t e ’ e — e I , i s b I c  n - m t - n - I s  c / I t  si ’ t — — l t ; t v e -  l i / u / i
c : ’ ,~ I c t [’c’di . l O t  ‘ n - h  u I /n - i I n - n - i  i i  I m u ss , mu te l  t w i s t  d i n t  r iDol I c / I t s  c ’ e/mpat i D l e ’  W I  f _ l i
e n - t e ll c he-sL’n - i m I c e ’ h m e ’ e n t  e ’ s t , m l m l i s h t e d .  l l i ~ - u ’ u - n i m i u u i ng 1 , ; n - , k  i s  t o  c ’ ,x~’ ti / n - e’

~‘~ ‘ m m m b m i t u , m t  j u u i i ~ , i / I  f _ h i t -  p n - i l n n - i I’ \ p n - i r c i m i e t c ’ I ’ s n-s’ I m l c h i  v I e t e h  g n - e ’ , i l c ’ s t  i n - e u - i l  I p m - r h / n - -

In - m t / c e’ he’ ,m ~ ’f it s n-in ch h e m , i e l  r~ -~l c t c  I c m m i n - i  . Is ’  i , m 1 / t  h 111,1 . 1 d u n n - t m I l iii dc-si gas n - cr ,
I / c ’ n - c~ t c i  t e c h  wh ’u j c ’ h u  I ’ m ’ s u i i t ’ , m l m l e ’ i ’ m’ win / c l  t m u n n e ’ l n - ’ e ’ m ’i f  it-n - i t l u m l i  t m - n - - I  iimg. I ’ h u c

f O ’ - ’ ’ e ’ n - ’ i l  n - m-u ’~I t ’~ S d I c ’ ( t  d i n- i l im’ : , ul dc -s l e i i n ’ ’w,ts  I irst t i  u ’ n - m l i ’ i i h , i t e ’ bin - ide’
I - , i c I ~ , i m : d t e ’ r fo r n m n - mm/ c- e’ l i i i ’  e ’ m m m h  l i m i t  len in  c / I  t I i , ’ m t i e h e ’j m e ’ i i c l e ’n f _  m u - n - u n - ct e ’I ’ n - u  (t I ;’
‘n -Si c’p , i l i c !  i n - - c t ’ , I d i r  m ’\ u : n - j i  I c ’ ) .  ~‘/c ’ c i / O i l , n - I  t / c ’ i i , u l t V  I & u I i c ’ t  i d / t i  i l / V d m t V i l / p  n- i

We ’ i g l i b  c -cl c’ emnt h i o , i t ~i i m u  u /I t l i e ’ V~ ‘ l i i  m i s  h u m , m c l  n - t o~h m e t ’ I c / r i m / n - t i / i ’ m ’ i u m d  I c c - s  n-5’ n- u s  tus e ’eh
I ci c v i  I d u n - u t ,  t i n - c ’ c ’ , I i i d l  h I l t e ’ c h i n - n -  i g m i s  . t ie ’ p n -  i m : m , i m ’ v e ’t mi lm h t n - isis was c / t /  m m ’  lu / n - mn - un/c - c ’

I m c l m I ’ / V c ’t ’ S - l i t  ,m u/d h i m , i d  n - e ’e t u u ’t j~~n n - I t  f ; c n - s ’ , u r e !  I 11, - i a  . I h n - i n - ’e ’r l i e n - I c m l ’lli,I i l c n - e c m l

d es  h e n  e n - u n d i d - c t  en w ,t s  a t s u m d c ’ t c ’ i ’ m : u l t ’i c ’d u t u u e h  c ’ v n - t l m u , u t e’d in se - h e - c t  L u g  I i l / a l
d e n -  [m n - I /n, .

‘two bm ;ur tm me ’te ’r s w t i i e ’h c / f l  c-n d c / l imp ! m ’ i mn - c ’ i i t , i I ’v hme ’m tet if _ s , u u ’c ’ e’ n - i m h m e ’ m ’ au ’m ei I i jm
sWe ’ c ’l/ . I’n-m rtim etric chn - i t t i sluc mwed thin - it i / e n - i t  k u  e -n -un i hen -  n - c - c l u e d  Sb re - sn  u m t e t  t i l l
— n - W e t ’; I n p n m i v e d  p e ’ r f o r m m m t u l / e ’ c’ . ‘t ’lte c c / u t 1) i n n - i L 1 , 1 m m  oi t i l e ’ twcm wh u i c - h i  i m r e md el c ’ e ’ s  l i i i ’

n-n - r c ’ , u b  e n-t b e / \ ’ e ’n - , i  1,1 b eu m ef  i t s  e n - n - i n  ‘n - u i i u ’ , n - h i b . N f i l e ’  c’em i i i h i  ( m n - t i  i c / I / S  c m f  S n - s e c  p n - u m m i n - l e ’  , m t

b lue 00~~j ’ c - r cen t  n - , i d iu s  and m c ’  l o w  n - ; h  t i l l  ~m i h ~ ’ I i c i i n - n -  i l / c / i / l e n t  c ’ iie ’ l  I i c :  I c - m i t , c ’ 111 ,

we’ r e’ e x n - t l l m i t ’u e ”d n - u t  n - in , i c h v . i u i u ’ e ’ r a t  I c ’ c m l  11 . ‘c n - it/el b In -ide I~~~n - i c I  l i / p  c - u i / m i t  I i  ) . O N  .

cm v z u l i i c ’S i — .02 m , + .015 , , c i m ~l + .0 I and sn-s e- c - I n  n m - n - l e n -  c / i  0, 10 , mitch 2i) ‘1

c l e ’ , ’, i ’c ’ c ’S We t ’ s ’ c c ) m / S i d e ’ re ’ d l .  “c b I , u e ! e ’ t i n - t v  i l /p  c ’l/ c’ I  if tht the ’ t, i i r s icmn i ti l St i i  I m m - n - , ’ ,

cml f _ t i e  ha sc ’ I  l i m e ’ c m m i t h m m a r e h u / I  b I t e ’ i m o _ l m e ’I’ c ’ e’nt r a d i u s  m n - n - is  n - is~~unie ’d . S i n : l /  1—

f i c ’ , u u i t  re ’su t  t S  i n - c ’ -mhie mwn mut l ” I gu u-e’s -5:3 t h i n - n i gh 5 ,5. l ’h ie ’ c i t e- c b s  c / I  t’i m i ’ / ’& ’ l /
n - i i ic l  c ’ , u m ’ i I ” c ’ i ’ 01/ h~’ ’n-n-~- n -~ l l i , t X I u : m u i n - n -  I l n - i t w [ s e -  -‘1 i’ c ’55 , yibr , i t d i n - ’,- i i n - - I i r c m e h  i c m ,t ch
, m v e ’ r , t g c ’  ‘u P  s c ’u - V O  ion -m d , , u m i c l  ‘ I i ’  c ia  n - m t  ing ‘,‘c ’ n - t i c n - m i  sit e- m r  femr ee ’ i n - c ’  II l c u sb u - , it c’et
u s i n g  b l l r e ’e—d i l l m e i / s i e i n , t L  s i u n - f , i c e  1 / i c / I S . I ’ l i e’se ’ u - e ’s l i o l i s e’ s u r fa c e ’ s  wi - r e

‘ c h i n - i t  c c l  fm v l /e’ r t~~
I’l1m i u p  a p c !  v t / c m l l m i n a i  e’U rV e  I i t  f _ c m  f _ h u e  I/ /i /c ’ el -if_ a p c / j I l t  n-i

n - hi tch ev a l d i , ib  ihi g t h t e  1/ 1 / I  v n c n i m i i n a l u t  c’’,’ e ’ u i  I v  s l m n - t c ’ e’d g r id p5 / i ,l/ b S.  ‘I De ’ I c / I  l m m w i m t p
o l i n - c- u ’ v , u t  ic /hi s cn - m ui  he ’ ni ade ’

I ’hue e f f e c t s  eli Sweep n-ti/ct c’t unihe ’r  c/li pe/we’1’ n - tn - c’ i/i/I/ I i t / e n - m I ’  i l/c ’ n - c ’ , u ‘ - 1 1 1 5
n-~Wc ’e ’p is f t t v e m n - , t D l e  f o r  e m = — . 025 tiltd +.0 3 I/ut u h f  , i \ ’ u / l ’n - l t m l a  f or

i t / t e ’r t l t ed i a f_ e’ e’ 1~1 . 
d

0
2 . P u s  i t  lye  e n - t i n - m i m e r  ehc me s  lie/ b ic ’ It l enve n-us large ’ ~u re-clue’ 1 l u / m I  i l l  St I ’ c ’ ‘- ‘

c / i l  t h e ’ swept  h in-ides n-is it does on t h e ’ u t / s w e p t  h h n-ic l c ’n n - -

3. V ft rn -mt o n - v  p ui shiroe l lon-ud s f_ cud f_ em he red u ced Dv I i p  n-’~W e ’ u ’b ’  ,il i d / on-
pe ms i t  1 ye ’ ca m hi e ’r

— m .  ,\ vc ’ n ’u i c n - e ’ 4 P s c ’ n - V u /  10,10 i s  r~’due ’ed hmv i i t u ’ I ’ c ’~ t S i I i g  ‘‘~~~it  t n - i ’ m ’ n - in i h m
ci te ’ mi i i  iruic mm c/c e - u r n  w i t h m  20 ch e ’gr e ’ c’s cm f tip swe’c’p n - uti e l t h e  i-u . 11 1 1 /

n- i in - i c i i .

5. t’lin inium 3P ncm t n - if _ L itg svs I e’m v e rb  i ca 1 n - n - hue -i rs i i i ’  I c  I i i  c v i i i  w i t h u
tll / sW e’ l /f_ i / c / s i t  i ye ’ c ’ n - unm ih m e ’ r  h i  , t c h c ’ n- ’i
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in v i  c/S cil tIle’ somewhat cn-onf lict ing e f f e ’cts oI Sweep and camber oIl
I /cm w e ’r , 5b ress , c u / n t  rol I o n - m d s , and v i b r a t  Loll , it i s clear t h a t  bl ue ’ n-e’lc’e bf c ,ilt
c m f  n - mum c l u b  i uim n - u I c oat  i gmura t lout depends e’nf_ ir el y c/n t h e  re - l o t  i v u ,’ i u l l p o r t t u i c e e ’  e m f
f_ h e  v n - i r i u a u s  lo n - i d s .  S p e e n - i f i c  n / is s ion  r e m q u i r c n i e h / b s  w e/ u l d  d i c t a t e’  t I m e ’ i/lost
en - c ue -ia!  f , m e n - t o r s  and f _ h / c  o p t i m a l  design. ‘I’hc r e -l a ti , v en- n i e r it s  of t h t e
po~~5 ib l e ’ desi gns were  exp lored b y e v t u ,l u a t i u ’ig p e n a l t y  I uI /c t  [ c m O S  m a d e ’ up c m l
we [g ti t ed sunis of f_ h e  f ive’ loads shi owim n - t h o v e .  A number  of wei gh t  ing c o e f —
I ie ’je’t/t S e t s  were  used.  V a r i a t i o n s  oil t h i n - c e -  f _ y p i c n - m l  p e n a l f _ ’  f u n c t i o n s  t i r e

i l l u s t r a t e d  in Fi gure  56. ‘the p e n a l ty  fu n e ’t id/h i wei g h t t  iu mg en - cu d  f i c  im,n -nts n -itm d
f _ h u e ’ e q u i v a l e n t  amounts  of the f i v e  lc m n - m d s n - i r e ’ i nd ica ted . P e n a l ty  f u n c t i o n s
O n - c’ n o r m a l i z e d  to a min imum va lue  of 1.0. Thue f u n c n - t i o u i  shown in  F i g eu r e
Si m ( n-i ) p laces equa l  weigh t  on r educ ing  each of f_ l i e  loads by the  Ituaximu n t
n - t nm o unt  sh own to he poss ib l e  in bl u e  p a r a m e t r i c  s tud ie s .  Tim t h i s  case ’ , f_ h/c
m i n i m u m  emf  f _ h u e  p e n n - m l t y  l’ u n c f _ i o m /  c m c e ’urs f o r  n -i b l a d e w i t h  20 d e g r e e s  of t i p
sweep n-md cm equa l  to  — .025 .  ‘flue second p e n al t y  f u n c t i o n  ( F i g u r e  5 6 ( b ) )
assumes that bin -ide and en-on t r o l — s y s b e n m  lon - ids a re  he l cmw e u m d u r t t n e n - e’ l e v e l s  and
m i n i m i z e s  power and v i h r n - u t c m r y  hub f o r c e .  A g a i u / , a p o s i t i v e  en-amber  s w e p t —
t i p  b l , u d c ’  1S cm /c  of f_ l ie  op t i m tt l  s o l u t i o n s .  O n l y  w hi eu /  a v e ry  l i e n - i v y  we i g iut  l ug
Is  p laced  on s t r e s s , such as in F i gure  56 (c )  , does a b l ad e  w i th  Il c ’ g n - h t  IV e

en -u m b e r  become the  d e s i g n  S o l u t i Oh i . Based on t h e s e  i l / d i e - O f_ i o n s  tu b i n - i d e
w i t h  an SC 1095 a i r f o i l  and 20 degree’s  if  t i p s w e e p  wn - ms se,’lec ted . F ina l
i t e r a t i o n s  on ti/c r ad i a l  d i s t r i b u t i o n  of torsional stiffness and on built—
in t w i s t  y i e l d e d  a design w i th  o n e — f o u r t h  f_ lie tcm n ’s ional  s t I f f n e ss of f_ l ie
b ase l i ne  o u t b o a r d  oI ’ 5 0 — p e r c e n t  rod [us and —9 d e g r e e s  c m f  t w i s t .  F igure’  57
i l l u s t r a t e s  the  p l a n f o r m , s t i f f n e s s, and t w i s t  d i s t r i b u t i o n s  of this fin - sb
cd/t a p l i -m t r o t o r .  Fi gu re  58 compares t h e  i m e r f c m r m a n c e  and n - c m t o r  In -suds cml
t h i s  compl ian t  des i gn w i t h  those  of f _ h u e  h n - u se ’ i inc r o t c m r  f o r  a r n - mu/ge  c m l

~m p e ’ r n - u t i n g  c o n d i t i o n s .  R e q u i r e d  power is redeuced b y 100 h p at  t h e  p = 0. -’4
and CL/ Q = 0 .085 c o n d i t i o n , and b y 200 tip a t  f_ l ie  p = 0 . 3  and CL/n-n- = 0.115
cond i t  ion b u t  is not reduced at bi te  two o t lu e r  Ce /i/chit iOhl s StuOW i/ . F n - i v o r a b i e’
ci t e ’ e’ts on S t r e s s  and c o n t r o l  loads a re  shown . ‘c ’ i b r a t o r v  h u b  moments  n - i r e
reduced at n - u p of 0 . 3 , bu t  incrcn -msed  at a ;n- of 0 . 4 .  The inup a ct  of t h is
d e s i gn cmii  the flight limits of the reference rotor (Figure - ‘4 )  wn - u s  , u l s c ’m
e ’xn -umi n ed . Fi gure  59 shows tha t  f _ h u e  o p e r a t  ing l i m i t s  hn-tsed on power ,
si n - e n s , and c o n t r o l  loads are expah/ded m,~i th i  f _ h u e  s w e p t — t i p  c o m p l i n - u h i t  des i gn .

Time second compliant  design sele ’e :b ed was ui/C w h i c h  i m p r o v e d  p e r f c m r —
mane-c by producing 2P eln -usf _ l e n -  pitching. A number cm f design en-uSc ’s \,‘e’re ’
c c m n i s i der ed , which  var ied  t ime t i p sweep and en -umber cm f n - u hk n-mde tin -wing if_ s
mi dsp n - in  aerodynamic center  fo rward  of its e ’ l a s t i e ’ n - / x i s .  Twenty  degrc ’ e’s e l
t i p  sweep at 90— percen t  radius  were r equ i red  f o r  s t a b i l i t y .  A p h / h i c n - u t l c n /
of negn-itive camber tended to reduce blade stress but degrn-ude pc ’r f c m r m a n e ’ e’ .
A f i n a l  des ign was chosen wh u ic h  iuas time twist  ai/d s t i i f n e ’s s  d i s t r i b u t  101/5

of blue swept—ti p design described above and n - in ae ’remd ynam i en- c e nt  em r 15
percent of tu e base! inc c - hu or c l  ahuead of the  e n - I  t i n t  i n -  a x i s  fr u m n m 6 3— tem Si ’—
percent rod ius . The ch arac -te-rist ics of this dc-sign n-Ire’ include -cl in Fi gu re’

Ph pure 60 illustrates the ef fec’t of the’ of I set muir Icmt iet in g n-mn imc - ri c / n - -
t i t a n i c  n - m d  I u m ; i c h n . S i gn i f  I cant powe r savings n - i re ’ pr e ’di c f _ e d  n - i t  ~i ( 3.  3 ,
i - n - n - l i c e  i~u l t v  at  C L/ O = 0.115 , at  w h i c h  t h e  b n - u s e l i t m e’ r o t o r  i s  st a l ,l cct .
St  r e - -n - s c - s  are gc’I/e ’ r m  I ly red uced more with tiui s design thmun w i t h  design ~! 1.
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lm ushu reu d I u / ,iclS , luu iWeC’ e U , i n - c’ utc / t 5 [gm / i ± i n - ,jnt iv n-ce lti c c m l  , n - S u I  V i i ’  ‘ i I s u n - ’  I P
m o st s l i e n - m n - s  m n - c  sui hst n -m n t i n - i l lv Inc u’ i ’ , i , -e’ ct ,u t th u 0. i , u c l v , c u i i  c - i n - t b  t i m . h i t

i u i c n - c , i n - - e ’ d  s h i e ’ n - t r  c i i  c c ’ ’ , r e s u l t  I n - c / n i  h u u c l ’ i ’ , m n - , m ,’n ; I ’ ’  ci ’ n - i n -  k m , i c n - n -  I n - i n - m u  c ’ -~ v

, u i h u i  31’ h L i c l e ’ p it cl t ih ’ug. I h u c ’ e l f  e ’et s  c i  t h ese ’ I i ’ i ’ S m n - t  u/Il , u l n s u m l e m b e  I I n - a m
i in i ts n -m t ’ e ’ shuu ’wum I c/b ’ d e n - n - t i n - i l n-i~~ iii I’ [ m n - i  i u c ’ i i  I . 3 ’ n - i n - ,  i’ ,th lcl St  l ’ c ’n-5 n - /i/ u n- u I , ii I

h e ’ e \~ in - i I ld i e’dl f_ li e h c ’ u , u i m c h n - u r v  ehe t  e li/i I n - / c d  l i v  v i I  I- i t I 50 i 5 m c i i i  t n - u  - cI . us~~ i m  n- .

‘n -  umc ’t f_ hue’ v ib  r , i t c m n - v  l o u t ,  1 i ’n - t c lS p m  c - - c  i n - i ~i S h  1/ i i  I e n - I l l  ‘ i n - I n - n - c t ,  IV m u ‘ i n - n- u n - c -

dle ’I /e ’h i d h c ’h l t  on u t  i r f  U n - t i / i d  ch e,s n -g Il n-mel n- Lb i t  I c / i t  c u / m u m  n - u n - h  d ie ’Vl u .’c ’5.

l i m e  f i t / n - m i  ni c’ t u s d u r e ’  c m l  c ’ cm miip l i _ m u t t  i ’ i m t c i ’ I u m i ’ n - n - , i r d — l I m ‘ l i t . I m c ’ h i n - i ’, n - m i t ’ I - lie’

e ’ X , m n nn il/Cd W i n - - m m d i i  Sc ’ . ‘t h e  i t  on -  I c ’I  se pre n d i n - I  i s i n  ~~u ’i m~~n - i i i I,’ S u s e - il  1 - 3
c u  1, - m m 1 , u f _ c ’ ‘NI I n -  - r  t i le ’ c c / tmu h m l i n - u m i t n - u m t i u i n-s .

~ r ,~r n i i u m i n -  , u 0— . u  I t  m m i d  c ’

I l v i ’v c n -  n - i t  p = .~~~ , m u m d  Ci , / n -’ = I ) .  055 ( 17 2  i~m m s t S  n - u u i e l  I , 7 i l )  I In  c m n -  n - n -  I ) -

‘~ l n u ’ n - n - i u  h~ b ” i g e uu ’e ’ o,l , h o t l u  e’oImml) I i n - t n t  dId ’S i n n - u s  n - t n - i  i h h u i e ’ te ’r  [ h u n - i n c  I I m u ’ m n - i n - i  I n - m m ,
[I t t bt e ’ f u r  f l m ’l e i  ( , l 0 0 0 — L u m — ’ / ( IO-- l I se ’ p n - i r i t i c m i m ) .  I ) c m r i ~ u ,g t h i s  h u r L  u n-in - i n -  t n - r i ’

, i p l m r c m , i c h u . f_ l i e ’ c m l i s e l ’ n-’ i ’ I  i n - n -  n - u p p u ’ ’ n i l : m u l c ’Iv  11/ t I m e ’ b / l i m e ’ i / i  t i me ’ i oi u / n - , n - u u l e l

h / u n - i c ’ i n - ’ i ’d i u i l n - n - u  I m n - i ’ I n - ;  i n - c ’ d u m umm h u i u t l  m c I  l iv n - i c R - i l / c  i n e n - — h m l  n - n - u ’ i n - n u n - m u  I n - n - i’ ‘ - ‘ i n - - c ’ .

l hic~ cofl/1m 1 1,1 1 1 1  n - i / l u / n - n - i  , i e l i j e ’V e ’ t l u / l S c ’ l ’ e ’ u j i l c b  I c / I O n -  I~n-~ n-~ i - i  I In - ’ u n-’ ,t i e n - t i l t  c i

t u u u lem ac lin g ,u cf vam/ en - i l / n - n -  b i n - i d e’s t I n - e u - m n - n - h  e c i mi up l i,olb f_ n-5’ i n - I  h m l ~ n- , u u i u l  h u n - i  i t  I ft i n - ,

S I n -  ‘ m e t  n - e n - l i l t  (~ t f _ l i e  d i  I c - c t  c / f  ‘n- \s ’ i ’ e ’ I i  e ’il c m — - i n - n - .  L~ \~m n - h i m  me l , u n - m n - I l / I i , u n - m l  n - i m t , ’ l

dl c ’s I p i n -  n - n - ,,i i s 1c m mmc l c ’ r t I i : n /  t h e’ 1 n- u n - c  - I i l / c .  In i i  I s S n  e , I ‘ n - c ’ I ’  N I I n-n- d~ ‘I i i  iV ~ it cdl

l i v  h m r o n - m e h b , i u i e t  F /cm I n - c’ e n - l i  l c D  i n - n -  sc - m I s  i t  i n - c ’ t ec h i d e ’  b m s i n - i  - A L  I l i i  5 1 I

coui e l i t  [c /n , th an - ’ ui/e on I s ’Ls t  ( b u i l t — l i t  h / l e t s , u v c ’i ’ n- m n - n - c  e I n - u t m c  ,~ i n - b  ) e i l Ii n - s

dc’s i gt~ is h i S S  f _ h u n - u i  t h a t  u / I  [ h u m  I/ u s e ’ 1 l u t e ’ .

lie /Ve In - n- c ’ i t  c / n - m u m / c e ’ d)t f_ lie [ / Sc m c’ u / i ll!) I I n - i t / b d e s  i n - n - n - u s  n-~’ 5 c n- / n - n i p ,  i h ’ e e l  t ,c I n - , i

c~ I t i m e ’ ‘ c - i  c’i’ e’m i c e ’  n - c / b c /I’ . Pile  c m l  I l ie ’ ~‘, c~’u I n-, ‘ f  I l i e !  cc / t i l l / i n- n - n i t  I n- ’ n -  or i n-c t u m

ae’h m ie ’n - ’e’ lm l ui ’ cln - ’e’cI n - m ove r I / e n - I ,/ru uu ,m iu c e’ I m v  u n - m i  l ’ c ’ , i n - I m i p  t t 5 ’i s t  t H u  i / n - m d c- t n - i n n - b  m e

W ihldlc u l / n - t i t h e r  b u n - i n  hn -’ it / e ’ n - c ’ , i s i t / c n -  b u i l t — I n  I n-5’[st  n - ’ h u i c h ’u l m t l  I / d U c , ’s t i n - p c ’

b e t /c l [hi p i n - i nn-n - i ’ m / I S  11/ f o u ’n-s’ , i e e l  I I R n - l i t  I’ m - n - u n - c’ 3 I/n-e ’,~c ’mi t s t h u e ’ n -c -itO u n- I i u , i v e I

I ‘ n i l e ’ c / I  l ute’rit w i t  It  I [ h e ’ l l ’  [ W i n - u I  , u u i n - ’ l e ’ m l  I - l I e )  0 . 1 .  ‘l i t ’ I R n - t i n - c’s

m e r i t  , iu i ei e ’cl c m i v t u l e n f _  I i n c ’ , u r  t w i s t  v , i l n m c ’ n -- u / f  b i t e ’ n - e 1  , ‘I ’ i ’ i t c ’ e’ n - c i tor ,tm ieI t I l e

t w cm c n - m n n ; m I  l i n t  n - c l  m n - S  , ire ’ n - tin - c ’ n - n - I n - i n - n - u i .  ‘F lue ’ ‘ t i n - e l Il/c r , / I  o n -  hu t s  , i  I m t u i  i t —  i i i

t w i s t  c m l  — 1 2  dc - g n - u ’ u ’ ,n- , t i m i u l  t I m e ’ ce m m i m i i n - m t  de n - n - i p t iS  di/~b/ I c / v : t l l p r c / X i i / i m l  ‘ ‘ I v  um

d c - i n -  t ’ t ’ c’’; c / i  t w i s t .  u\S n n - m h u / W i l , t h e ’ e R u-c t h e ’ s ’ i n d n - u~m u / f  t ime ’ b u / I ’ S u u ’ i / , u I  I n - n - c l I

‘I  ‘- t I j i  b I n - m u l e ’ s  i l l  o W n u  f _ l i e -lit I c i , t c ~ t/ I e v e ’ , i b / h /  n - c / S  I l i l , t t e  I v  ‘c ’ , m i ~ b f i c ’ , l h ’ c ’ I i e n - u  i

I u n - m u r m ’  i i i  m e - n - I t  t O u l u l e ’ S .

I- 

~~~~~~~~~ ‘- ‘~~~~~~~~~~



‘ n - i  1,1 n- -

n- ’ m ’t  n - n i l .  i t  h e m m i  , u u l ,  lvsis n - , l u n -  n- ,s t i n - n - m n -  t u - r s i e ’ n n - i h  r c ’ n , I ’ n- ’ I i s m ’  w h i ch  re’duces
, c , I v n - u i t c l m m u n - — b m l , u e I i ’  In-  i n - b  m u ” ; i o n - c ’S p i n - i  m ’ u n - ’ n , u ’, i c e  I / V  un i l i i n / L Z i I / g  p r o i  j i c  O n - n - u p

Ic i’ / l n - u ’ —

K e s cu b b s  lin -n - ,c ’n-I c m i  i m i m i t  c / n - t a  l u t i  ~~~ n -ul/d SI  m ’ , i d l V  , i e ’ r u ’ u m V u l , u u l h i c ’S irid l e n - m t c ’

h at  n-~~~l - i t  f t c’ i n - ’ ~ t m / d / n e u m l h l h m l  i n - t i / b  ‘ n- n- c h u e ’ , .10 I n - ’  2 0 — p e n - n - e n - m t
i u n - i~m n - ” n - n -” e ’ l i t n -  j u n  r e / b i n - I ’  1, / I )  en - n - h i  he  n - l c h m i e V c ’ii W i t  I i  i ron -c f _ u ’  /

- I c - e n - r e - c  - cml  I I ’  e ’ [ ,i s L j e t  f_ / S  [SI ,, i l l ~~~ .

‘I De ’ c i  I e n - b  n- n - I  i n n - ’ 1 cud lop an i n - u n - I e ’ , u u l  n- t i e ’ n - c / c l  ‘ ; u i ,  i n n - n - i n -  I n - l i  mcI c _ I  In  I ic’

e n - u i  e’~ u I , , t f_ 101/ o t  1 / e n - n -  n- n - n u n - l i c e’ i S  f_em iti~p r ov e  l i  r n -  c / I l l ,  i n i - ’c of  I me’

I / n - S c,’! m i l e ’ r~~f _ o u ’ m u l c h  ~ n , ’u ’ cI ’ - ’ c u t  f _ I n c  ‘ l i i i  I e ’I C O  f i c h e I I ~ 5 i n - i  [l id  h e

b at i ’ l l - n - u  c c n - n - n n - p l n- ,u t l & ’ e’ ,,i~~~) l ’ n- ’S L l n - i , i t e l y  15 n - n - h I  -

2 .  “1 , n - c ’ I  m n - id  l e n - l I — s u n - t i e  t e st  en- n - n -  u s h u n - es’ b c - i o n -  I n - I n - I  e n -  i n - - c b s c m l ’ 11’ l i t e r - u
t n - n - t 5l L i / n - ,  n - s h i n - h  i I c ’ c n - c ’ c m ’  e n , i e I v , i h n - ,  l i o n -  I / l a d e’ t n - n - m n - I  t t l / d  m i m n - ’ u ’ e ’ , t n - c’n- l e t  i n -  n - i t —

l n - l~~ PA n -e t c 1 - ,~ 1

• ~I~~ n- cm0t d i  I t ’ d n - i n -  nn -ue si e’ l f _ c - I S  c / I  e, ’ i l i ’ n-’c ’ h i t l d m i i , t I  ‘ I  i f f b t e s s  l u c i t d c s
I 1 — p e n - c  c h i t  n - c ’ e lu c t  m n - l I On- i i i  I n n - / n - s e c  l’ e n - ; e i  n - r e e l  W i t h )  2 d~ ’ n- ’ t e e ’S n- i l

l u t e  i i i  , i st  i n -  n - n - n - n - s t  L i /n -’, .

• l e n - c t c l , c t , i  l ot ’ n - n u n- d e l  b R i d e ’s , m l  n - b u n -  i c - r i n g  t n - ’n - n - , l n - ’ n - i , i i  ut if I n / e n - n - -n - S e n

n - n - i d  ‘ ‘ ‘ I  I tull— sc ,u t e ‘ ‘~ e i ’- L — L i I )  b l a d c ’ n-; I i  w b u i l t  i n c r m ’ m n - i n g  rn--

t n - c i t  i u i g — l m i ztde - I n - - t i s t  n -e ’ c l m u e n - e’ n-n- n - ’ i h ’ m r t i t m ’r’ ’- n - i  m i l l n - u m . i l u i , ic l s .

5e5’ e ’ ; / t — t i p h I n - m d e ’ i i  h u j m l  I n - S t  d n - u t , n -  s hown  t h u  15 to 20—p e’rce’tit

redun- t [ c u m i n -  in b L u i e l e  n - i t  u ’e-ss n - e n - u i  f_ I n - o n - n - u  d e c  r e ,  S l I m p  , i c l \ ’ t t i l c  ‘I g—

IA i d e ’ t w i s t .

• ‘l’[uc ’ bcnei f j c i , u i  ef I c c ’ t n- -u of  t, i p sn- seep on cc / I/f _ re m! [c /Lids  n-mud bi n - ide ’

st r e v - c s n - Ire ’ re -i l n-tb I v pred i cted by b l u e ’ N o r u n - n - , i  1 i’hu i c l c  n- b lade ’ , \ c ’ i ’ , ’

c l  , u s t  Ic ’ n- \ u u n - u l  n - - s i n .

i, N i -  ‘, , i t i v e  n - i n -I n - m i  1 C, il n - lI ’ c ’t ’ el i e e l  [-‘ e l y  r c d u e n - e’s h - i d e ’ I l , m t \ s  In - c’ I i c ’ m i c l j i t n - ’

n - n u , ’ II n - e’ umts , hi n t ge’I/e-r ,m I Iv - I .n -  h i d e ’s I / e n- l cmrntn -mt /c e’ . 1 1 m m ’ I /i’ll On-ili um/cc ’ pe’t/n -i it n-

t’c- n- ,tu[bs pri m an - i ln - ’ f r i / l i t  b u n - n - j i m ’ i l/ ~~ 21’ m ud 3l~ e l a n - n - i  b e ’ tw ist itu g ~m i  tttm d cn - ir—

i d l e ’ b ui tt i S e ’

‘ [p - - n - n - e u ’ ; ’  _ t pp l. i e ’d i n - ’ ,u h m h  ache’ c m f  un - e d uced i ’ m mt h u ’ , , i ’ u I  b c /m id / tm - t i n _ I i l l  l/e’n-i’

m v i ’s’ imp n - i ’n - ’ m ’eI pe n - n - t m / n -n u n - n e c ’ h m v \ ‘ir i uc ’ n - I  n - i r m ’d i - ’n - t  r i h m u t i c m l /  c m i  a l t ’ —

I u m , i c i n’n- , w l h i e ’ h i  r e ’eI n - i e ’ e’s , i c l v , m r u c i m m m ’ ’ - ’ h m l , u e l c ’  i/ I n - n i  i i i  n - I n - u i’ ( c / n - t h eme ’  t i h l e h  i ’e’b r e ’ , u t ,  n - l I P —

l m l , m d e ’ l l i C h t l c ’c ’ l l  di ’ , , - b c / n - qtm e’ . (h u m n - n - m i e n - I  i f_ u e l e i n - I  i lie I ’ ’ n - n - c ’ n -  s ,u v  it/ps 15

, n - ; j n - n - c / XI h u u t t I c ’ I V  1n-5 ’ u i — I l h i r d S  c / f  t i n - i l  ~~ c ’ , I i c t t -d f m ’r d l i  j d u ’ , u I  r c m i  ‘ u  u m ’h t l e ’ v i u m g

m h l i i m n e u m  p ri m f l i e ’ c l i i ’ ’  tn - I d IO m ’ . i i  ( C ’ n -c ’dtu c n - l icm n s i i i  n - i / i / b i i ’l h n - s~~h s  ( i s

i iu c u ch u  u- - c  ‘mO— l/e ’re ’el/( n - i  d u o  I n - ’ u i ~~ [Ii  V j l m n - , c t , ’n - v  u i n -~ I n - I ’ eu cl I c m , t u l )  n - mitch n - nu ~ H~ ’ .’ - l

r m ’ i l m u m  f _ i / b u s  i n  h m ! , i e l e  sb t e n - S  I h e - s n -  tli,Ii/ h un -  n’  i ’ ’ ’c fli un - c’ i c  c/tHIn I i n- n - lie d

w i t  It  f_ I P n- -~ s’c’~ ’b ~

15
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5. h m l , ue~~ln - n e u u r  c - n - t l u e ’  h l . u n - l~. ’ , u e r n - ’c l ’ n- ’ m ~ , i n - m b e ’ n- n - n - I  er I - u n - m n - e l  c m l  I l ie-  c - I n - s t  i n -  u n - n - n - S
in t ic S~~n-u/ rn -lI ce I n - u u l n - m  i n - n - n -’ - 1c m ‘ c i u _ b m e n - , ’ t I m t  l i en - ibiS , 10 u d m1) ~u i , l t , c l i  n-mn-

i 1~ n - n - s c m ’ ; ’  i’ t ” n - ’~~ n - e d  I c n n -  st n - i ’  i i  i t n - ’ . p r - d i m e ’s 2 1m c’ L i s t  l e t  I ’  l t  e l m  n - I / p  W I n -  n - e l I
m n - ’ m ~m r u l v e - s p m ’ r h ’  r~ n - n - ,  n m ’ u ’ e ’ . t ’ r h l ’ . c t e / i ’ -, iu ub  t n- i / i’m — n -  . c m ’ n- ’ n- n- m n - i c r - u t  l y  [net e n - t S u n - c I
Dv t Ime i l u t r  di et l c ’ m / c~ ! t h i n - c  l u - h e r  b u , i r ’ n c u ’ n n i c  P i t  cliiuig .

i i . ‘n -n-s’ c ’~ l I  — I ip  e’ohTI p l i n - m h / t  n - m n - I or di ’ s  m p h / S  Wl/ j d n - h/  i n u p n - n - n - v m ’  f o r - s  n -d i h I n - I t t  p e ’ r f  in - -
tan - i l / c e  n - inch i’ n - I n - m ete’ I l a t w i s e n -  s t r c’ss t u l s o  I u n - n ; ’ n - iiv e  ni ’n - ’ c - n -  ‘ m ’ r l - m / n - h n n - m c ’c’ I ’ ’ .
i u i d u ,  u n i n - ’ I u r n - c -  m i ,mn - n -t in - w l n d c u l m . -\ l / p r o x  u n - n - n - n - i  c l v  20 n - h c ’p, n - c ’ e ’s ‘ I ’ ‘ ‘ I n - m t i e
5 i l / chu g  r i - s u i t  S l i  I i ‘ ‘ n u n - c ’ u ./ i m e - n -  i t n - n - u  1 cue ’S u’ I (I . 7b  n - u t  n - u  h i  i i i  - i o n - u I  i n - n p
c ’m f ’ 0. 1.

Id



~ h : (  n - I M I  Nd , \ i  i i  N-n-

h u e  , u u m ~~~ vs~ - c m  e c i n - n n p l i n - m m m t  u n - i  o r  , !~~SI p m i  I n - i n - n - m l l u e i e n -l ’ n- c ’ u m n d u c ’t e u  h i e ’ n - e  in
n u u n - m,i l d  I / c ’ e;’, i u , m n - n - e l e ’ d  f _ cm n - l i e  l u d e n - n - I n - i n - b  n - n - n - u n - i l  ke ’, p~t r a m I i e t e ’ r n n -  s u n - l u  n - IS  I I I ’
s n - c - e n - n -  - t m ~~’ n- ‘ n - I , n - n - i u I I u n - S , u n - m e l  t i h u  p e n - n -I n - m e l n - n - .  in m n - m r i i e - u l o r , f _ l i e ’  c i  i c e —

t u ’ n- ’ e ’ n - i ’ ’’- n - u , n - i  u n - n - n - n - n - n - n -  e n - _ n - u n - n - I n -I l u i n u m  e ’ ( c m  m h l c ’ t ’ n- ’ , u n - i c ’  t i m e ’  l i f t i n g  e u i l ) d h i h l t Y  c i f

t e n - I n - t n - e l i  n - h i m S l i c e d  r , n- f _ e m u n-n- s u u ’ n - c m h d  ‘ n -  c x , u l n n - l i l m ’ d .  hue pot eu ut i a n -  p c l ’ I O r -

n - n - n - l ac e ’ n - n - n - m c i  n - , oct51 le n - n - / c t / e n - f n- L s  n - u i  I l e n - n - c ’  n - l e n ’  1g m / s  sh u u u  I d  l i e  - n - m n - n - u n - n -I i f  I e’ ch

‘~ > l i n e i c ’ h  L e ’ n ~t s n- , l i ’ c u l d  I / c ’  - ‘ n - n - / d i , , i c ’ dh t o  S / m n - i n--t b , u h ’I t u t i e  t h u e  tn -ends I /n - i n - n - t n -  I c ’d

‘ m • r e d o n - ’ e” ’  n - c u - n - I n -  n - i, u I  - , L  n - n -  f i / t ’~~~ b I n - i d e s e r i m p l i u v i m / p  1 1 1/  n- -n -Wee p and

m n - n -/ u / n -  ( n i - n- m d c l i i i ’ n - / d h y n - h t f l u l c ’ e m ’ n n t c ’ n -  , u m d  c ’ l , i S t i n -  , t X e ’S i i i  t h e  t i u i d — - j n - 1 n - u
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APPE N DIX A 
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ANALYTIC METHODS

accuracy of the results and conclusions presented herein hinges
iccuracy of the various analytic models used in the  investigation .
Lyses used in the this study, alth ’ugh they are undergoing continual

~nt , reflect the stato of the art , and based on past correlation
are judged to be reliable. Specific assumptions implicit in the
must , however , be borne in mind in assessing the quantitative
of predicted results. The principal anal ,ses ised in this study

:ribed below.

Lzed Rotor Performance Analysis (GR P )

Generalized Rotor Performance Ana lysis is Sikorsky ’s standard

~or predicting rotor forward—I 1 i g l I t  p er~~o rm a n c t - . R e f t - r ej i c t - I -~

~s the analysis in detail. this analysis calculates ri gid bljde-
and lead—lag response t h r o u g h  t im e w i s e - i n t e gr a L  io n  o t  the b l a de

is of motion . B lade  t or s i o n a l  r e sponse  is  not  m o t h - l e d . At - r o —

loading is ca lcu la ted , based on st - 4~m e - n t  ed l i t  t ing l i ne  I c -pr e sen—
)f the blade. The analysis uses t,il~u l a t e d  a i r f o i l  da ta  and t r e at s
:ompress ib i l i ty ,  and three—d i me l l s  i on a  1 f l o w  et f e c t s  in t h e  c a l c u —
f rotor p e r f o r m a n c e .  Two—d i m e n s i o n i l  f l o w  ~~~~ 

-assumed in t he
application to be consistent with t he  Normal  Modes Blade Aer o-
Analysis and the Airload Optimization Analysis , which use two—
inal aerodynamic representations. When used to  establish perform—
nds in preliminary design studies , GRP is run with a uniform
Letermined from momentum considerations . When detailed results are
the analysis is performed using variable inflow , obtained through

c iteration with the Prescribed Wake Inflow Analysis.

ed Wake lnf low Analysis

[I’RC Prescribed Wake inflow Analysis (Reference 15) calculates
r i b ut i o n  of rotor inflow , based on a prescribed wake model.
operating conditions are prescribed from blade motion and pitch—
ta , de te rmined  e i ther  by CR1’ or t h e  norma l modes b lade  response
- This  program can be run separa te ly  or a u t o m a t i c a l l y  coupled

n or , W . U . ,  GENERALIZED ROTOR PERFORMANCE M E I H O D , Eng ineer ing
‘rt  SER— 50304 , Sikorsky A i r c r a f t  Divis  ion , U n i t e d  Techno log ics
porat  ion , May 1964

I grebe , A. J .  , AN ANALYTICAL METFIOI ) FOR I ’RED I C ’I’IN G ROTOR WAKE

~tETRY , Journal  of the Amer ican  Uc1icoj~ y r Soc ie~y, V ol .  l - ’+ ,
4 , October  1969 , pp.  20 — 32
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w i t h  e i t h e r  the  GRP or normal modes programs . The ana l ys is r e p re s e nt s
each blade by a segmented lifting line and the helical wake of tlit- rotor
by discrete segmented trailing vortex filaments. Blade loading and c i r c u -
la t ion d i s t r i b u t i o n s  are calculated based on sect ion operat  ing c o n d i t i o n s
and section l i l t  c o e f f i c i e n t  da ta .  The s t r eng ths  of the t r a i l i n g  v o r t e x
elements  are then determined , based on the spanwise v a r i a t i o n  in bound
c i r c u l a t i o n . The cont r ibut ions  of each of t i ,e t r a i l i ng  vor tex  segments to
induced veloci ty  at each blade position is La lcu la ted , using the  Bio t—
Savart law . The solution proceeds until the bound circulation distri-
bution , the strength of the trailing vortex elements , and the induced
velocity distribution are compatible. A feature recently added to th e
analysis which is valuable in analyzing comp l iant  rotor behavior is the
i n c l u s i o n  of all harmonics of blade torsional response calculated by the
normal  modes anal ysis in the calculat ions of induced v e l o c it i e s .  The
treatment ot exact tors ional  response in ca l cu la t ing  b lade  c i r cu l a t ion  and
induced ve loc i t i es  increases the re l iab i l i ty  of compliant ro to r  performance ,
b lade  stress , and control  load pred ic t ions .

Normal Modes Blade Aeroelast ic  Anal ys i s

This  computer  analysis , which is described in R e f e r e n c e  16 , solves
the fully coupled b lade  equat ions  of motion by e x p a n d i n g  them in terms of
uncoupled f l a twise  ed gewise and tors ional  blade modes . The modal t e c h n i q u e
fa c i l i t a t e s  the numerical  i~kt egra t ion  of blade equat ions by minimiz ing
dvi ~ im ic coupling terms . Up to f ive  f l a twise , three  edgewise , and two
to r s iona l  modes are considered , in addit ion to rigid bod y f l a p  and lag.
Blade aerodynamics are based on a lifting line representation . A result
of this assumption is the prediction of large fluctuations in blade
load ing  for  close blade—vortex  passage. Steady and unsteady two—dimensional
or steady three—dimensional  aerodynamic models are ava i l ab le .  The uns teady
two—dimensional  model described in Refe rence  9 was used t h r o u g h o u t .
According to th i s  method , section l i f t  and p i t ch ing  moment c o e f t i c i e n t s
are assumed to he sing le—valued f u n c t i o n s  of ang le of a t t a c k  and i t s  f i r s t
two t ime de r iva t ives . Unsteady data measured on an o s c i l l a t i n g  NACA 0012
a i r f o i l  were used to generate tables of Cl and C

m 
as f u n c t i on s of I t ,

and •~~~.

Procedures described in Re fe rence  8 were used to scale the NACA 0012
data to represent  SC 1095 e f f e c t s .  Steady drag da ta  were assumed th rough -
out . All cases used var iable  i n f l o w , ca lcu la ted  w i t h  the  I’ r e s cr ib ed  Wa k e

16. Arcidiacono , 1’. J . ,  PREDICTION OF ROTOR INSTA B ILITY AT H IGH FORWARD
SPEEDS,VOL . I , STEADY FLIGHT DIFFERENTIAL EQUATIONS OF MOTION FOR A
FLEXIBLE HELICOPTER BLADE WITH CU ORDWISE MASS UNB ALANCE , S iko r sk y
A i r c r a f t  Division , Uni ted  Technologies  Corpo ra t i on ; USAA V LABS
Tochnica l  Report  6 8— l 8A , U .S .  Army Avia t  Ion Mate r  id Lahorator ies ,
Fort Eu s t i s  Virg in ia , February  1969 , Al) 685860
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Lnflow Analysis . Iteration between the inflow and response analyses was
conducted to establish compatible loading and inflow distributions.

Airload Optimization Analys is

The Sikorsky Airload Opt imiza t ion  Anal y s i s  determines  d i s t r i b u t i o n s
of ro to r  a i r loads  which  s a t i s f y  spec i f i ed  c r i t e r i a .  The p i t ch  and t w i s t
d i s t r i b u t i o n s  needed to s a t i s f y  these c r i t e r i a  are computed . C r i ter i a

• include minimization of specified harmonics of blade bending moments or
root shear forces and minimization of rotor torque. In minimizing h a r m o n i c~
of blade or hub loads, the analysis represents harmonics of structural
load ing in terms of known modal properties and unknown harmonics of airload
at the various radial positions. Airload harmonics are computed which
drive stated harmonics of shear or moment to zero , subject to constraint s on p
rotor lift , propul sive f orce , and trim moments. In seeking optimal
per formance , the airload analysis determines the radial distribution c i
angle of attack which minimizes drag torque for fixed blade lift. The
analysis is executed iteratively, with GRP in the case of performance
optimization and with the normal modes blade response analysis in the C tI— c
of loads. Based on a selected angle of attack distribution and control
and inflow angles calculated with the appropriate response analysis ,
required time—vary ing twist is determined and then impressed into the
response solutions. Airload optimization and response calculations proceed
until consistent twist , airload , and inflow distributions ‘ire achieved
wh ich sat isf y the stated criteria. The optimization analysis uses steady
two—d imensional aerodynamics. Either a uniform or variable inflow model
can be assumed .

Circulation Coupled Hover Analysis

The Circulation Coupled Hover Analysis Program (CCI-IAP), described in
Refer ence 17 , is the method by which hover performance is calculated at
Sikorsky Aircraft. The capability to predict the performance of a wide
variety of rotor configurations within 2 percent has been demonstrated .
This analysis calculates rotor hover performance using prescribed wake
lifting line theory . Rotor load and inflow distributions are determined
simul taneously by solving a Kutta—Joukowski matrix consisting of the wake
influence coefficients and the local lift curve slopes. The wake influence
coefficients used in the matrix solution are obtained from a previous
calculation which sums the Biot—Savart influence of each wake segment used
to represent a trailing filament.

17. Landgrebe , A. J ., et al . , AERODYNAMIC TECHNOLOGY FOR ADVANCED ROTOR—
.1 CRAFT , American Helicopter Society , Symposium on Rotor Technology ,

August 1976
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As w i t h  all prescribed wake hover analyses , the accuracy of the
calcula ted per formance  is dependent on the accuracy of LhC input  wake
geometry . Since experimental wake geometries are not available for most
rotor geometries , a procedure must be established for specifying the rotor
wake geometries for arbitrary rotor designs. CCHAP employs a coupling
between the rotor load (or circulation) distribution and the rotor wake
geometry which permits an iterative solution for both the rotor loadirtg
and the wake. The wake coupling expression was derived by apply ing a
momentum constraint to a simplified , uncontracted wake model and then
matching the resulting equation to the experimental wake geometry data
described in Reference 15.
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LIST OF SYMBOLS

l a t e r a l  ev e  t i c  p i t c h , posit ive b r  increased p itch at  180 deC
-i.~ imuthi , deg

b number of b l a d e s

B1 - 
l ong itudinal c vc l  ic p i t c h , pos i t i ve  b r  i nc~ t-asi-d p i t ch . i t  21U
dog a z i m u t h , deg

bC Q0 /O blade p r o f i l e  d rag  torque parameter

cd sect ion drag c o e f f i c i e n t

Cd . minimum sec t ion  d r a g  coefficientm in

cd oln~ 
minimum incompress ible  sect ion drag c o o t  I i c i en t

c1 sec t ion  l i f t  c o e f f i c i e n t

c i maximum sec t ion  l i f t  c o e f f i c i e n t
max

CL r o t o r  l i f t  c o e f f i c i e n t , L/ 1TR 2 p ( 12R) 2

c SectiOn pitching moment coefficient

cm below s ti l l  section pitching moment coefi Icieni

Cj,F rotor propulsive f o r ce  c o e f f i c i e n t , l’F/1TR 2
PU R)

C
Q 

rotor torque cccl ftc lent Q/ :~R 2 
~) ( S I R )  ~R

c
Q
’ blade t o r q u e  i c t - f  I h e  i c ut  

* Q ‘1 nR ~ ( e R )  2 R

b l a d e  prof ile drag torque cot- I I i c ient , Q
d

1htR 2 (~~R)  - - 
R

blade lift t o r q u e  coi l I icient 
* Q 1/ I R 2

~~(~~R)  2 R

C
1 

rotor thrust coe l  1 i c i e nt , 1/  R~~~(eR)

c blade axial h i n ge  I c c c i -  cot - I l  i c i i - i i l  , z/ii R p(~~R)

l)i. rot or e q u i v a len t  d r ’ . ° ( I I p _ h h I ’ I ,AR ) lb

Ii r c r lllt equ iv a  It-n t I l i t  p I il e art -a , I L

- - 1 C-F
I f I~~’ ( I I & _, lb  m e r i t , — -

• 2

I l l  
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Fv3~ 3P rotating system axial hinge shear force , lb

GJ blade torsional s t i f f n e s s , lb—in 2

GJ
B 

basel ine blade tor sional sti f fness , lb— in2

HP horsepower

HP DEAG profi le  drag horsepower

HP~~~ paras ite horsepower

root torsional stiffness , in—lb/rad

KOB 
basel ine roo t torsional stif fness , in—lb/rad

L rotor l i f t , lb

L/ D E 
ratio of rotor lift to equivalent drag

9~/d blade element lift—to—drag ratio

riP frequency of nth harmonic of rotor speed

PNL perceived noise level , dB

PRL pushrod load , lb

Q ro tor torq ue , ft—lb

Q ’ instantaneous blade torque , ft—lb

instantaneous blade drag torque , f t — l b

Q instantaneous blade lift torque , ft—lb

PF rotor propulsive force, lb

‘1~ “2~ 
P 3 penalty functions

~~~ 
~2 , ~3 

normalized penal ty func tions

R radius , ft

• S 4~ average 4P servo load , lb

I rotor  th rus t , lb

V airspeed , ft/sec

• x blade rad ial coordinate , ft
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b I s L - v & - r t ical shear force- , lb

ang le  ob  a t t a c k , deg

I i r s t  t ime d e r i v a t i v e  of ang le of a t t a c k , deg/ sec

s.-ccii d tine derivat ive 01 angIe of attack , deg/sec

I ’ sic I lap aug Ic , deg

• b l a d e  l i nea r  twist ang le , deg

tip 
tip elastic twi st ang le , positive for noseup twist , deg

is 
IP s i ne  elastic twist component , negative fourier series , deg

• o i l IP cosine elastic twist component , negative fourier series ,
d 

~~~~

bl ade p i t c h  angle at .75R , deg

sweep angle , deg

p advance ratio , V/ fiR

density of air , slug / f t
3

o rotor solidity, ratio of the total blade area to the rotor
disk area

2f l a twise  s t ress , l b/ f t

blade azimuth position , positive counterclockwise referenced
to downstream posi t ion , deg

ci rotor rotational speed , rad/sec

I

- u’ i- - -
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